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ABSTRACT  
   
Integrated photonics requires high gain optical materials in the telecom wavelength range 
for optical amplifiers and coherent light sources. Erbium (Er) containing materials are 
ideal candidates due to the 1.5 μm emission from Er3+ ions. However, the Er density in 
typical Er-doped materials is less than 1 x 10
20
 cm
-3
, thus limiting the maximum optical 
gain to a few dB/cm, too small to be useful for integrated photonics applications.  
Er compounds could potentially solve this problem since they contain much 
higher Er density. So far the existing Er compounds suffer from short lifetime and strong 
upconversion effects, mainly due to poor quality of crystals produced by various methods 
of thin film growth and deposition. This dissertation explores a new Er compound: 
erbium chloride silicate (ECS, Er3(SiO4)2Cl ) in the nanowire form, which facilitates the 
growth of high quality single crystals.  Growth methods for such single crystal ECS 
nanowires have been established. Various structural and optical characterizations have 
been carried out. The high crystal quality of ECS material leads to a long lifetime of the 
first excited state of Er
3+
 ions up to 1 ms at Er density higher than 10
22 
cm
-3
. This Er 
lifetime-density product was found to be the largest among all Er containing materials. A 
unique integrating sphere method was developed to measure the absorption cross section 
of ECS nanowires from 440 to 1580 nm. Pump-probe experiments demonstrated a 644 
dB/cm signal enhancement from a single ECS wire. It was estimated that such large 
signal enhancement can overcome the absorption to result in a net material gain, but not 
sufficient to compensate waveguide propagation loss. In order to suppress the 
upconversion process in ECS, Ytterbium (Yb) and Yttrium (Y) ions are introduced as 
substituent ions of Er in the ECS crystal structure to reduce Er density. While the addition 
ii 
of Yb ions only partially succeeded, erbium yttrium chloride silicate (EYCS) with 
controllable Er density was synthesized successfully. EYCS with 30 at. % Er was found 
to be the best. It shows the strongest PL emission at 1.5 μm, and thus can be potentially 
used as a high gain material. 
iii 
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Chapter 1  
INTRODUCTION 
1.1 Fiber Communication and Si Photonics 
An optical fiber is a cylindrical waveguide made of silica glasses. It allows light carrying 
large amounts of information to travel a great distance with little loss. In 2009, one half 
of the Nobel Prize in physics was awarded to Charles Kuen Kao for his groundbreaking 
achievements concerning the transmission of light in fibers for optical communication. 
Nowadays, people can communicate with each other by simply connecting to the World 
Wide Web. This is made possible by a network of optical fibers, which allows large 
volumes of data to be transmitted with high speed, low loss, and low power dissipation.  
Although the transmission loss of fibers is small in terms of dB/cm, the total signal 
loss becomes significant for long distance communication, especially in intercontinental 
and transoceanic data transmission. The standard way to compensate the signal loss is to 
propagate the signal through a gain medium, which is known as the optical amplifier. 
Erbium doped fiber amplifiers (EDFA) 
1,2
 are the dominated amplifiers on the market, 
due to their high gain bandwidths, ease of fabrication and compatibility with the standard 
fiber connections. 
In addition to the achievement in optical communications, Si microelectronics 
composes another important part of the revolution in information technology. Increases in 
processor performance have relied on the integration of more transistors onto a chip. As a 
consequence of transistor size reduction, the total length of copper wire, which is used for 
electric connection, increases significantly. It is known that the copper interconnects 
2 
become the bottleneck for bandwidth when the switching speed exceeds 10s of GHz, 
mainly due to the frequency dependent wire resistance and impedance mismatch 
3
. The 
most widely accepted solution is to replace the copper interconnects partially with optical 
interconnects which exhibit large bandwidth, immunity to electromagnetic noise, small 
cross talk, low power dissipation and latency. Si can be used to make high quality 
waveguides for optical signals in both of the 1.3 μm and the 1.5 μm bands. For this 
reason, Si photonics 
4-6
 was proposed as an appealing platform, on which to integrate 
both the rapid computation capability of electronics and the wide communication 
bandwidth of photonics. Moreover, integrating everything on Si makes the new 
technology fully compatible with existing CMOS technologies so that it can be cost 
effective. 
The realization of Si photonics requires a series of components, including CW 
coherent sources, modulators, amplifiers, buffers, switches, detectors and couplers. So far 
great effort have been made in various components mentioned above and 
accomplishments have been achieved to some degree: Modulators based on the electro-
absorption effect 
7
 and free carrier plasma dispersion effect 
8
 have been demonstrated; Si 
based avalanche photodetectors with 340 GHz gain bandwidth product have been 
realized by Intel 
9
; the world’s smallest nanophotonics switch has been made by IBM 10. 
Buffers 
11
 and on-chip and off-chip couplers 
12-13
 have also been demonstrated. 
Among these components, the coherent source and amplifier are of the most 
challenging tasks due to the lack of a Si compatible high gain material. Bulk Si is a very 
inefficient emitter due to its indirect band gap. Introduction of other gain materials on Si 
3 
has partially succeeded in achieving Si compatible lasers, such as III-V membranes 
bonded on SOI wafers 
14-15
 and Ge-on-Si lasers 
16
. Other techniques are also used to make 
Si into an optically active material, including the utilization of the Raman effect 
17
, the 
gain from Si nanocrystal
18
, and direct bandgap engineering by using GeSn alloys 
19
 or the 
implementation of strain 
20
. Another important approach is to introduce rare earth ions as 
impurities into Si 
21
.   
1.2 Electronic and Optical Properties of Erbium Ions 
Rare earth metals occupy the third column of the periodic table of the elements. Besides 
scandium and yttrium, rare earth metals consist of two sub groups, lanthanides and 
actinides. The electrons are added to the 4f (5f) band as atomic number increases in the 
lanthanide (actinides) series. Historically the rare earth metals were thought to be scarce 
(thus called “rare earth”), but are now actually found to be abundant, especially for those 
lanthanides of even atomic number. Erbium is one such lanthanide with an atomic 
number of 68. The neutral Er atom takes the electronic configuration of [Xe]4f
12
5d
0
6s
2
, 
where [Xe] stands for the electron configuration of Xe atom. When Er is incorporated 
into a solid host, it loses two 6s electrons and one 4f electron, becoming the trivalent ion 
Er
3+
 and assuming the electronic configuration of [Xe]4f
11
. The partially filled 4f electron 
shell lies within the closed 5s
2
5p
6
 shell (in the [Xe] configuration). Thanks to the 
shielding effect from the outer lying electron shells, the 4f electron wave function is only 
weakly perturbed by the surrounding ligands.  The net consequences of the shielding 
effect are intra-4f transitions that manifest themselves as sharp lines which are insensitive 
to the host environment.   
4 
 
Fig. 1.1: Energy levels of an Er
3+
 ion (a) in free space and (b) in solid. 
For free Er
3+
 ions, the collective states of the 4f electrons are denoted by Russell-
Saunders (RS) term,
2S+1
LJ , where S is the total spin, L is the total orbital momentum and 
J is the total angular momentum. The Coulomb and spin-obit (LS) interactions lift the 
degeneracy in the 4f state. For the Er
3+
 ion, the strength of LS coupling is close to that of 
Coulomb repulsion. As a consequence of this, the eigenstates are linear combinations of 
RS terms. However, the final states are still labeled by the dominant RS term for 
5 
simplicity 
22
. Fig. 1.1 illustrates the first 12 energy levels starting from the ground state 
and continuing up to 
4
G11/2. The wavelength of the radiative transition from each RS state 
to the ground state is labeled on the right side. The transition from the first excited state 
to the ground state emits a photon at around 1.53 μm. This wavelength falls within the 
minimum loss band of optical fibers and has been extensively used in fiber 
communication. Generally the electric dipole transitions within 4f states are forbidden 
because the initial and final states are in the same shell and thus conserve angular 
momentum. Optical transitions can only occur via the much weaker magnetic dipole 
transition and electric quadrupole transitions.  
When Er ions are embedded in solids, the crystal field removes the degeneracy of the 
states in the RS terms, known as the Stark splitting. Each RS state splits into J+1/2 
sublevels. For the first three lowest RS states 
4
I15/2,
 4
I13/2 and 
4
I11/2, their sublevels are 
labeled by Z1~8, Y1~7 and X1~6, respectively. The spread of these sublevels is much 
smaller compared to the spacing between two adjacent RS states. The exact positions of 
the Stark components for each of the multiplets are mainly determined by the even parity 
components in the crystal field. Therefore the even parity terms determine the 
wavelengths of the absorption and emission. On the other hand, the odd parity terms 
admix with the higher lying states (e.g. 5d) and introduce opposite parity into the 
wavefunction, thereby making the electric dipole transition possible. For this reason the 
intensity of the transition is determined by the odd parity term. However, the odd parity 
term only exists when the ion site lacks inversion symmetry. For example, the Er ions in 
the bixbyite structure Er2O3 have two different symmetries.
23
 Three out of four Er ions 
are in the C2 site with low symmetry and the fourth occupies the C3i site which has 
6 
inversion symmetry. The electric dipole transition is only observable from Er ions in the 
C2 site. Overall, the crystal field interaction is responsible for the shape of the absorption 
and emission spectrum, while the even parity term determines the wavelength and the 
odd parity term determines the strength of the transition.  
1.3 Er-doped Materials 
Thanks to the 1.5 μm emission of Er ions which is insensitive to the host environment, 
the Er ion is widely used as a dopant in different materials to activate optical transitions 
at 1.5 μm. The most widely studied Er-doped materials roughly fall into two categories: 
Er-doped glasses and Er-doped semiconductors.   
Er-doped glasses generally exhibit good thermal stability, and broad absorption and 
emission cross sections. The refractive index of Er-doped glasses is close to that of an 
optical fiber, thus greatly facilitates the low loss coupling. Moreover, the material 
synthesis and device fabrication is cost effective. Thanks to all these merits, various glass 
hosts have been studied extensively, including silicate glass 
24-28
, phosphate glass 
29-35
, 
borate glasses 
36
 and fluoride glasses 
37
. Since the Er emission and absorption profile is 
affected by the host material, multi-component glasses 
38-50
 are often used to tailor the 
gain spectrum and refractive index. In addition, ceramic Al2O3 
51-54 
and Y2O3 
55-56 
are also 
studied because of the high solubility of Er ions in these materials, which is a result of the 
similarity of their crystal structures to Er2O3.  
In contrast to glass hosts which rely on optical excitation, Er ions in semiconductor 
hosts can be excited by electrical injection. 
57,58
 The electron hole pairs in the 
semiconductor can transfer their energies to the Er ions directly, or emit photons which in 
7 
turn excite the Er ions optically. Another advantage of using a semiconductor as the host 
material is that its large refractive index enables high density integration of devices. 
While III-V semiconductors themself are already good emitters, Er-doped III-V 
semiconductors are not practically useful. Recent research focuses on nitrides which use 
their blue emission as the pump source. 
59-60
 However, the typical solubility of Er in 
semiconductors is low, thus limits the concentration of Er for practical applications.           
Among all semiconductors, Er-doped silicon 
21,61-63
 attracted the most attention due to 
its potential application in Si photonics. However, this material suffers from temperature 
quenching effect 
64
, where the PL emission disappears at room temperature due to the 
activation of nonradiative channels with increasing temperature, such as the multi-
phonon assisted Auger process. Co-doping oxygen with erbium into Si can decrease the 
temperature quenching factor down to about 10 due to the formation of Er-O6 octahedra. 
65
 While only limited progress was made on Er-doped single crystal Si and amorphous Si, 
the advances using Si nanocrystal 
66-70
 shed new light on achieving optical amplification 
in Si. The incorporation of Si nanocrystals in Er-doped SiO2 represents an intermediate 
material between Er-doped Si and Er-doped SiO2, knonw as Er-doped Si rich SiO2 
(SRSO) 
71-73
. Er-doped SRSO has been shown to result in a significant increase of the 
Er
3+ 
photoluminescence intensity as compared to that of Er
3+ 
in pure SiO2. Meanwhile, it 
was demonstrated that Si nanocrystals enable direct energy transfer to Er, thus enhancing 
the absorption cross section of Er
3+
 by 6 orders of magnitude 
74-75
. However, so far 
optical gain has not yet been achieved due to free carrier absorption and energy back 
transfer processes 
75
. 
8 
In past years erbium doped fiber amplifier 
2
 (EDFA) and erbium doped fiber laser
76
 
(EDFL) achieved great success. In order to realize device miniaturization, erbium doped 
waveguide structures were proposed for on-chip integration. Erbium doped waveguide 
amplifiers 
77-79
 (EDWA) with 5.3 dB/cm internal optical gain have been demonstrated. 
Various erbium doped waveguide lasers 
80
 (EDWL) have also been shown. These 
achievements opened the era of active Er-based devices with sizes on the cm scale as 
compared with EDFA and EDFL, which may be meters long. However, further size 
reduction into mm range or even smaller is needed for integrated Si photonics. In the next 
section, the challenges in further reduction of device size will be presented.  
1.4 Limitation on Doping 
Although more than 10 dB gain can be easily achieved in an erbium doped fiber, its 
length is over tens of meters long, too long to be integrated on a chip 
81
. Given that the 
maximal Er density in Er-doped materials is around 10
20
 cm
-3
, the highest internal net 
gain is only a few dB/cm 
82
. The key for achieving miniaturization of optical component 
is to increase the optical gain. In erbium doped materials, the gain is provided by the Er 
ions. Thus the concentration of Er in the host directly influences the maximum achievable 
gain. Unfortunately, the concentration of Er ions cannot be increased beyond a certain 
limit. Otherwise other detrimental phenomena occur, rendering the excited Er ions 
optically inactive and decreasing optical gain. 
The main limiting factor on Er concentration is the solubility of the Er in the host 
material. Due to the mismatch between the size of Er ions and the ligands in the host, the 
Er solid solubility is usually below 10
20
 cm
-3
 in the amorphous host. This number is even 
9 
lower for crystalline Si
62
, about 3 x 10
17
 cm
-3
. When the Er concentration is increased 
above the solubility, Er tends to precipitate and aggregate together to form optically 
inactive Er clusters or silicides 
83
. It has been experimentally demonstrated that these Er 
cluster does not contribute to the emission at 1.5 μm. This means that adding more Er in 
the host material above the solubility limit concentration does not increase the useful Er 
concentration, but rather reduces the number of existing Er ions, thus decreasing the 
optical gain. 
Even though the Er solubility in some host materials can be higher than 10
20
 cm
-3
, the 
Er concentration must still be kept somewhat lower. This is due to the detrimental effects 
induced by ion-ion interaction. The ion-ion interaction generally exhibits a 1/r
6
 
dependence, where r is the distance between two interacting ions. Since the average 
distance between Er ions decreases with increasing its concentration, the ion-ion 
interaction increases dramatically and becomes an especially important limitation factor 
in achieving optical gain.  
 
Fig. 1.2: Energy migrations via energy transfer. 
The first detrimental process caused by ion-ion interaction is energy migration. Fig. 
1.2 illustrates this process. An Er ion in the first excited state 
4
I15/2 can transfer its energy 
to a nearby ion in the ground state 
4
I13/2. After energy transfer, the latter ion is promoted 
10 
to the first excited state while the original one decays back to the ground state. Then the 
latter ion may transfer its energy to another ion and so on. As a consequence, the energy 
can migrate within the Er material. Eventually the migration ends when the excited ion 
decays back to the ground state radiatively by emitting a photon or non-radiatively by 
transferring its energy to a defect center. Defect centers such as OH
-
 quenches PL and 
thus are called quenching centers 
84
. Even though the migration itself conserves the 
numbers of ions in ground and excited states, such migration connects an excited Er ion 
with a remote defect center, thus facilitating the quenching processes. 
At low concentrations, Er ions are well-separated in the material. Quenching centers 
only capture the energy from nearby ions. When the concentration increases the energy 
migration occurs through successive transfer processes, and in turn increases the 
probability of non-radiative decay caused by the quenching centers. In this case, the 
quenching center not only quenches the excited Er ions nearby but also those ions far 
away. For this reason energy migration increases the non-radiative decay rate at high 
concentration. The resulting effect on optical emission is a reduction of the PL lifetime 
with increasing Er concentration. For this reason, this effect is called concentration 
quenching. 
42,85,86
 The concentration at which the lifetime decreases to one half of that at 
low concentration is called quenching concentration. While Snoeks et. al. proposed that 
the lifetime decreases linearly with the Er concentration 
85
, Orignac et. al. found the 
empirical formula for lifetime takes a different form 
42
: 
                                                                 
                                                 (1.1) 
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where τ0 is the lifetime at low concentration, Q is the quenching concentration and p is a 
phenomenological parameter. The significant shorter lifetime eventually decreases the 
optical gain. 
Another important ion-ion interaction is cooperative upconversion 
56,87,88
.  This 
process occurs when two nearby Er ions are in the same excited state. One of them can 
decay back to the ground state non-radiatively, while the released energy is absorbed by 
the other ion and excites it to a higher lying state. For an upconversion event initiated in 
state i and ending in higher lying state j, the upconversion rate is described using the term 
     
 , where Cij is the cooperative upconversion coefficient (CUC), Ni is the population 
density of the state where upconversion occurs. Different upconversion processes take 
place for different energy levels. The value of Cij differs for different states. It is Er-
concentration dependent and varies from host material to host material, depending 
primarily on the nearest-neighbor interionic spacing and the oscillator strengths and 
spectral overlap of the two transitions involved. 
 
Fig. 1.3: Schematic of cooperative up-conversion process. 
Two of the most important cooperative upconversion processes occur on the first 
excited state 
4
I13/2 and the second excited state 
4
I11/2. The cooperative upconversion 
process on the 
4
I13/2 state is sketched in Fig. 1.3. One ion is de-excited to the ground state 
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and the other one is promoted to the 
4
I9/2 state. Then it can relax back to the 
4
I11/2 state 
quickly through multiphonon emission. The further relaxation from 
4
I11/2 state depends on 
its branching ratio 1, either back to ground state directly or back to the initiated state 
4
I13/2. The net effect of this process is to lower the population density in the first excited 
state, since less than one ion can be left in the first excited state while it began with two. 
For this reason, the PL emission intensity at 1.53 μm increases sub-linearly with 
increasing pump power, while the PL time trace is stretched owing to the faster 
population depletion. Cooperative upconversion become significant whenever the 
population of the first excited state N2 becomes large. Therefore both high Er 
concentration and high pumping can lead to large cooperative upconversion. 
Unfortunately, they are both inevitable if high gain is pursued. Similarly cooperative 
upconversion also occurs on the 
4
I11/2 state, in which case 
4
F7/2 is the higher lying state. 
But it is usually a much weaker effect due to the short lifetime of the 
4
I11/2 state for which 
the population is hard to build up.  
1.5 Beyond Doping: Er-compound Materials 
While further increasing the Er concentration in Er-doped materials is not feasible, Er 
compounds are a great choice to realize high density. Contrary to doped materials where 
Er ions distribute randomly in the host materials, Er ions are the constituents of the 
compounds and thus arranged periodically in the crystal structure, minimizing the chance 
of Er clustering. The typical Er density in Er compound is around 10
22
 cm
-3
, about two 
orders of magnitude higher than the Er densities in Er-doped materials.  
13 
Erbium oxide (Er2O3) is the most widely studied erbium compound for optical 
applications 
89
. It has a cubic structure with Er density of 3 x 10
22 
cm
-3
. The lattice 
mismatch between erbium oxide and the Si {111} plane is only 2%. Therefore it can be 
grown epitaxially on Si.  Different methods are used to synthesize erbium oxide, 
including dry chemical and wet chemical techniques 
90
, magnetron sputtering 
91-93
, 
molecule beam epitaxy (MBE) 
94
 and atomic layer epitaxy 
95
. The synthesized material 
can be amorphous bulk, single crystal thin film or in the form of nanostructures. 
Although Er2O3 is proposed as a potential candidate for high gain application, nobody has 
demonstrated net internal gain from it. This is mainly due to its short lifetime 
95
, less than 
10 μs, and the large upconversion coefficient of (5.1 ± 2.1) x 10-16 cm3/s. Actually the 
large upconversion effect in erbium oxide makes it potentially good for solar cell 
applications
96, 97
 since it can convert the low energy photon into visible range which is 
readily been absorbed by Si.  
Besides erbium oxide, erbium-silicon-oxide (Er-Si-O) compounds are another 
important set of materials that have been studied extensively.
98-101
 The study of this type 
of material originated from the improvement of temperature quenching in Er-doped Si. It 
was found that co-doping oxygen with erbium into Si suppresses the temperature 
quenching effect greatly and enables the 1.5 m emission in Er-doped Si at room 
temperature. The formation of an Er-O6 octahedral structure was found to be responsible 
for this improvement. Erbium silicate (Er2SiO5) and erbium disilicate (Er2Si2O7) are the 
two stoichiometric Er-Si-O compounds. Although their structural properties are known to 
the materials community 
102, 103
, their optical properties were not studied until recent 
years. In 2004, Isshiki et al. reported the Er-Si-O islands on silicon obtained by spin 
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coating of an ErCl3 solution followed by a double step rapid thermal annealing method 
104
. The crystalline compound had a non-stoichiometric composition of Er:Si:O = 1:2:4. It 
exhibited strong infrared PL emission which was characterized by sharp peaks. Since 
then, various Er-Si-O compound have been synthesized by different methods, including 
sol-gel 
105, 106
, MOMBE 
107
, PLD 
108
 and magnetron sputtering 
109, 110
. While most Er-Si-
O compounds are non-stoichiometric, Shin et al. synthesized single phase erbium 
disilicate and erbium silicate nanomaterials using CVD growth 
111
 and wet chemical 
reaction with Si 
112
, respectively. Later Lo Savio et al. managed to fabricate 
stoichiometric erbium silicate and erbium disilicate by magnetron sputtering by accurate 
control of source materials 
110
. More importantly, their study shows that erbium disilicate 
has stronger PL emission than erbium silicate. This result is later further confirmed by the 
lifetime study by Wang et al. 
113
.  
Due to its high luminescence efficiency, electroluminescence from erbium silicate 
was achieved by Yin et al. 
114, 115
. However, optical gain has yet to be obtained in this 
material due to its short lifetime 
113
, around 20 s for erbium silicate and up to 360 s for 
erbium disilicate. Lo Savio estimated that the cooperative up-conversion coefficient is 
            
        for erbium disilicate 116. Based on this, he estimated that 
the minimum pump photon flux required to achieve transparency is around 10
25
 cm
-2
s
-1
. 
However, this pump power density is high enough to induce higher order up-conversion 
process which in turn increases the transparency threshold. 
For high gain applications, increasing the Er density directly from 10
20
 cm
-3 
to 10
22
 
cm
-3
 is too aggressive. Lowering the Er density to somewhere around 10
21
 cm
-3 
may help 
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increase lifetime and reduce up-conversion as compared with higher density compounds 
at the cost of a reduction of the maximum achievable gain, though it would still be much 
higher than in Er-doped materials. The main approach is to replace Er with similar rare 
earth ions, such as Y and Yb. ErxY2-xSiO5 and ErxYb2-xSiO5 have been synthesized by a 
few groups 
117-120
. Unfortunately, net internal gain was only achievable when the Er 
density was below 1.7 x 10
20
 cm
-3
, which overlaps with the regime of doped materials 
119
. 
Miritello et al. studied the more promising materials by replacing Er with Y and Yb in 
erbium disilicate 
121, 122
. The same group also studied the ErxY2-xO3 crystal compounds
123
; 
however, no internal net gain has been reported yet.  
1.6 Dissertation Overview 
This dissertation focuses on the study of a new Er compound, erbium chloride silicate 
(ECS) in nanowire (NW) form. Chapter 2 describes the synthesis method of this new 
material by means of chemical vapor deposition. A micromanipulation technique is used 
to disperse and assemble individual ECS wires for devise applications. Chapter 3 presents 
various optical characterization methods and the home-made optical setups built for the 
characterization of this material. Chapter 4 presents the basic properties of ECS, such as 
morphology, structure, photoluminescence and lifetime. Two interesting conversions are 
observed: conversion from ECS to erbium silicate after high temperature annealing and 
conversion from a core-shell structure to a solid ECS NW. The optical properties related 
to different structures and their underlying growth mechanism are discussed. In addition, 
the Er lifetime density product (LDP) is proposed as the figure of merit to compare the 
emission intensity for different Er containing materials. ECS is found to have the largest 
16 
LDP. Chapter 5 presents the absorption spectrum of ECS measured by a method based on 
an integrating sphere. ECS NWs over 100 m long were synthesized for use in the 
optical amplifiers. 644 dB/cm signal enhancement was observed. Chapter 6 presents the 
optimization of Er density in ECS structures by replacing Er with ytterbium or yttrium. 
While the Yb part was only partially successful due to the limitation on growth 
temperature, erbium yttrium chloride silicate (EYCS) with controllable Er density was 
synthesized. EYCS with an Er density of 4.8 x10
21
 cm
-3
 showed the strongest PL. Finally 
Chapter 7 summarizes the results and proposes future work related to these new 
materials. 
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Chapter 2  
MATERIAL SYNTHESIS: NANOWIRE GROWTH AND MANIPULATION 
Traditional erbium doped glass fiber material can be prepared by a wide variety of 
methods. These methods are often categorized by the phase of the dopant. In the vapor 
phase, low pressure erbium halide vapor is transferred to the reaction region in modified 
chemical vapor deposition (MCVD) 
124
, outside vapor deposition (OVD) 
125
 or vapor 
axial deposition (VAD) 
126
 for doping. In the solution phase, the soot impregnation 
method 
127
 and sol-gel dipcoating techniques 
128
 are widely employed. Er-doped thin film 
materials are widely prepared by ion implantation 
56
. In the ion implantation method, the 
Er concentration depth profile can be tailored by varying the ion energy and fluence. Due 
to the large stopping cross section in the target material, implantation energies of several 
MeV are required to reach depth of the micron range which is the typical size of optical 
waveguide materials. Such high energies often cause damage in the host materials. In 
most cases, thermal treatment cannot fully repair the damage. Moreover, thermal 
treatment at high temperature leads to the formation of Er clusters and silicides which are 
optically inactive. In the development of high Er density thin film, various methods are 
applied, including wet chemical methods (or sol-gel method) 
105
, RF magnetron 
sputtering 
109
, MOMBE 
107
 and PLD 
108
. High temperature annealing above 1000 °C is 
typically needed to improve the crystal quality of the synthesized compound. 
In recent years, with the advent of nanotechnology, Er containing 1D nanostructures 
were developed.
129-132
 In comparison with the thin film Er materials, Er containing 
nanomaterials have fewer limitations on the substrate selection and often can be produced 
18 
with higher crystal quality. In this work, the erbium compounds were synthesized in 
nanowire form via vapor-liquid-solid (VLS) based chemical vapor deposition (CVD).   
2.1 Nanowire Growth 
2.1.1 Vapor-Liquid-Solid Mechanism 
VLS is the most well-known growth mechanism in the bottom-up synthesis of 1D single 
crystal structures. This metal-assisted mechanism was first suggested by Wagner and 
Ellis in 1964 for the growth of Si whiskers.
133
. At that time, various types of whiskers 
with size of the microns and mm scales were grown. It was not until the 1990s that 
researchers demonstrated nanowire growth by reducing the size of the metal catalyst 
134
.  
In this mechanism as shown in Fig. 2.1, a thin layer of metal catalyst is first deposited 
onto the substrate by sputtering or thermal evaporation. When the temperature is elevated 
above its eutectic point either in a separate thermal annealing procedure or during the 
initial stage of the growth, metallic droplets are formed on the substrate. Similar results 
can be achieved by depositing colloidal metallic particles on the substrate directly 
followed by thermal annealing. It is energetically favorable for the growth species in the 
gas phase to enter the metallic droplets rather than nucleating at a new site on the 
substrate. With more gas species continuously incorporating into the metallic droplet, it 
becomes supersaturated, meaning that the actual concentration of the growth species in 
the liquid droplet is greater than the equilibrium concentration. To satisfy the minimum 
energy requirement, the supersaturation drives the precipitation of the growth species at 
the liquid-solid interface, forming single crystal material through layer-by-layer 
deposition. As the gas species continuously feed into the droplet, the 1D structure 
19 
increases in length with the liquid droplet floating on its tip. Direct experimental 
observation of the VLS growth mechanism has been confirmed by monitoring Ge 
nanowire growth using in-situ transmission electron microscopy 
135
.  
 
Fig. 2.1: Schematic of VLS mechanism. 
The metal catalyst plays an important role in the VLS mechanism. It lowers the 
nucleation barrier at the interface between the substrate and the solid wire, thus 
promoting 1D structure growth. Obviously the size and the position of the 1D structure 
are determined by the size and position of the metal catalysts. During the growth, it is 
possible for the catalyst metal to leave the droplet by either precipitating along the wire 
or migrating to other sites. Consequently the remaining metal droplet becomes smaller 
and smaller, leading to the decrease of wire diameter defined by the droplet cross section. 
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In some extreme cases, the metal droplet disappears completely, terminating the growth 
even when the source vapor is still been supplied. In this way a tapered wire with non-
uniform diameter can be grown. Vapor-solid (VS) growth is another mechanism that can 
causes tapered wire. In the VS mechanism, the gas species incorporate into solid phase 
directly without the mediation of a liquid phase. The lower part of the 1D structure 
experiences longer VS growth time than the top part, thus leading to the tapered shape. 
2.1.2 Chemical Vapor Deposition  
The VLS mechanism works at a high temperature at which the metal catalyst forms a 
liquid alloy. Therefore, chemical processes that occur at high temperatures, such as 
chemical vapor deposition (CVD), molecular beam epitaxy (MBE), metalorganic 
chemical vapor deposition (MOCVD), pulsed laser ablation (PLA) and carbothermal 
reduction (CR), are generally used in conjunction with the mechanism. Among these 
processes, CVD is the most common method to realize nanowire growth. The source 
material is vaporized under high temperature and proper reducing agent such as H2 gas. 
The gaseous reactant is then transported to the vicinity of the substrate by the carrier gas 
and reacts in the metal droplet to form the final product.   
Fig. 2.2 shows the CVD setup for erbium compound growth using a one-zone tube 
reactor. A quartz tube lies horizontally in a one-zone furnace. The ultratorr fittings are 
kept at least 12 cm away from the edge of the furnace to prevent damage by overheating. 
In a typical procedure, silicon powder (Alfa Aesar, 99.99%) in a ceramic boat was placed 
at the center of the quartz tube. The silicon or quartz substrate pre-sputtered with a 10 nm 
Au film was positioned downstream at a distance of 17 cm from the center of the furnace 
21 
for the deposition. Anhydrous ErCl3 micro beads (Alfa Aesar, 99.9%, diameter ~1 mm) 
in another ceramic boat were loaded upstream from the substrate. In order to capture the 
source vapor efficiently, the substrate was mounted vertically and the ErCl3 source was 
put close to the substrate. The tube chamber was evacuated to a pressure below 100 
mTorr and a constant flow of 50 SCCM Ar-H2 5% mixed gas was introduced as a carrier 
gas through the quartz tube. The pressure inside the quartz tube was adjusted to 400 
mTorr with a valve. The center of the furnace was then heated to1080 °C, and maintained 
at this temperature for 180 min. The measured temperature was ~600 °C for the growth 
substrate and ~650 °C for the ErCl3 micro beads. After the growth, the furnace was 
naturally cooled to room temperature.  
 
Fig. 2.2: Experimental setup for CVD growth. 
Supersaturation is the driving force for nanowire growth. The temperature difference 
between source and substrate, ΔT, is directly related to the gas-phase supersaturation.  
Nanowire growth only takes place when a proper temperature difference is chosen. The 
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vapor pressure of Er is very low; therefore if the substrate is too far away from the Er 
source, the nanowire growth rate will be limited by the available amount of sources. In 
the actual experiment, the ErCl3 source is kept around 1 cm away from the substrate. 
Therefore a large temperature gradient is required to create enough temperature 
difference between source and substrate. Fig. 2.3 shows the temperature profile of the 
one-zone furnace when the center of the furnace is heated up to 1080 °C. It was found 
that no deposition occurred when the substrate was put at temperature higher than 
850 °C. Nanowires deposition increases when the substrate is loaded to lower 
temperature zone. The densest nanowire deposition occurs at temperatures between 
600 °C and 700 °C. When the substrate is positioned further downstream, the density of 
nanowire decreases again due to the slow sublimation rate of ErCl3 source at lower 
temperature.  
 
Fig. 2.3: Temperature profile of one zone furnace.  
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In Chapter 4 it is shown that the quality of erbium compound increases with the 
growth temperature. To realize nanowire growth at high temperature with an acceptable 
growth rate, a larger temperature gradient is needed. The temperature gradient of a three-
zone furnace is shown in Fig. 2.4. In a typical growth, all three zones were set to the 
maximum rate temperature at 1200 °C. The entire furnace was heated up uniformly and 
the temperature profile was quite flat in the center of the furnace. A large tube adapter 
made from ceramic fiber was used to isolate the heat from inner furnace to the outside. 
The measured temperature profile indicates that the temperature gradient is larger than 
50 °C even when the temperature is above 1000 °C. Using this furnace, nanowire growth 
can be achieved at a temperature as high as 1060 °C.  
 
Fig. 2.4: The first heating zone of a three-zone furnace for CVD growth and its 
temperature profile. 
 
2.2 Single Nanowire Manipulation 
Materials in nanowire structure have interesting properties compared to their bulk 
counterpart. In order to study and utilize nanowire materials for device applications, the 
24 
capability of manipulating a single nanowire is required. Drop cast is a simple method to 
obtain a well dispersed single nanowire. In this method, the nanowires are first scraped 
off the as-grown substrate and then diluted in a solution. A drop of solution which 
contains a small amount of nanowires spreads on the destination substrate. Finally 
individual nanowires are isolated on the substrate after the solution dries. Although a well 
dispersed nanowire can be obtained in this way, the actual location and orientation of the 
target nanowire is out of control.  
 
Fig. 2.5: Schematic of homemade taper fiber (a) layout of SMF 28 single mode fiber (b) 
Taper fiber by heat and pull method. 
Here we use probes to manipulate a single nanowire directly. The probe is made from 
an optical fiber. Fig. 2.5(a) shows the diagram of a bare optical fiber, more specifically, 
Corning SMF28. It consists of a core, cladding layer and the coating layer. The core and 
cladding layer are critical for the optical properties while the coating layer is only for 
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mechanical protection purpose. This coating layer is usually made from polymer 
materials and could produce toxic gas when it is burned. For this reason the coating layer 
is stripped off in the first step. The remaining core and cladding layer are heated on an 
alcohol burner and pulled manually. The alcohol burner is specially modified so that its 
flame only heats a small part of the fiber. Depending on the pulling speed, taper fiber 
probes of different tip size can be produced, as shown in Fig. 2.6. Generally, the taper 
fiber probe of finer tip size (left figure) is better for transferring nanowires from one 
substrate to another substrate, while the taper fiber probe of larger tip size is better for 
pushing and curving the nanowire within the same substrate. 
 
 
Fig. 2.6: Optical images of taper fiber probes (a) fine tip for nanowire transfer (b) flat tip 
for micro adjusting of nanowire.   
Once the taper fiber probes are prepared, they are loaded on 3D stages for single wire 
manipulation. Fig. 2.7 shows the setup for single wire manipulation. Two probes installed 
on two separate 3D stages are positioned into the field of view of an optical microscope 
equipped with a long working distance objective. The sample is loaded on another 3D 
stage and brought under focus. The nanowire can be lift up from the substrate by the tip 
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of the taper fiber probe and stick to it due to the Van der Waals force. Then the sample 
was withdrawn and replaced with another destination substrate. The exact landing 
location for the nanowire on the destination substrate can be controlled precisely. The 
nanowire is laid down slowly to the destination substrate and slides off the probe. A 
second probe can be used to help the lay-down process when it is necessary. Once the 
nanowire is laid on the substrate, its position and orientation can be further adjusted by 
pushing it with probes. In this way, the single nanowire can be transferred to any location 
precisely and repeatedly. More importantly, different structures with functionalities can 
be made via manipulation, such as nanowire ring resonator 
136
 and single mode laser 
137
. 
 
Fig. 2.7: Experimental setup for nanowire manipulation.  
Fig. 2.8 shows an example of structure construction via micro-manipulation. The 
schematic of the final structure is shown in Fig. 2.8(a), where two Ag nanoparticles are 
attached to the junction of a two-segmented CdSSe nanowire. Fig. 2.8(b) shows the PL 
image of the two-segmented CdSSe nanowire, of which the red and green color 
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represents the bandgap emission from CdS and CdSe rich composition respectively. It is 
clear that the green end also shows red color emission, which is due to the propagation of 
red emission to the green end. On the other end of the nanowire, the green color does not 
show up due the strong absorption of green emission in the CdSe rich section. The 
addition of two Ag nanoparticles close to the junction could create an external mirror via 
scattering, thus confine the green emission within its own section. To do this, the Ag 
nanoparticles are first dispersed on a glass substrate via drop cast. Then a single two-
segmented CdSSe nanowire is transferred to the vicinity of Ag nanoparticles using taper 
fiber probes. In Fig. 2.8(c) the nanowire is surrounded by four Ag nanoparticles. Finally 
the lower two Ag nanoparticles are pushed to the junction (fig. 2.8(d)~(i)) and completed 
the structure. 
 
Fig. 2.8: Assemble two Ag nanoparticles to the junction of a CdSSe two-segmented 
nanowire via micro-manipulation. (a) schematic of the final structure (b) PL images of a 
two-segmented CdSSe nanowire; (c)~(i) procedures of moving two Ag nanoparticles to 
the junction of the nanowire. 
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Chapter 3  
OPTICAL CHARACTERIZATION METHODS 
3.1 Introduction 
Optical characterization provides a quick and non-destructive way to study the properties 
of different materials and devices. Comparing with other characterization methods, 
optical characterization does not require special sample preparation. It can be applied to 
samples of different sizes, shape and electrical properties. The relative small energy of 
the excitation photons compared to the high energy particles often used in other 
characterization methods rarely causes any irreversible damage to the samples. Therefore 
optical characterization is a preferred characterization technique. In this dissertation, 
various experimental setups were built for the characterization of different samples. They 
are especially useful when dealing with nanomaterials. In this chapter, the principles and 
experimental setups will be described for different optical characterization methods, such 
as micro-PL, PLE, Raman and time-resolved PL. Other techniques such as absorption / 
transmission measurements and optical gain measurement will be described in Chapter 5 
together with the experiment results.     
3.2 Photoluminescence (PL) Spectroscopy 
Photoluminescence (PL) is a photon emission phenomenon under the optical excitation. 
Usually PL contains at least two steps: first, promotion of electrons to the excited state by 
absorption of the incoming photon; second, relaxation back to the lower state by emitting 
another photon. Depending on the energy levels (continuous or discrete) of the material 
under study, different pictures may be applied. Fig. 3.1 shows the PL processes in two 
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typical optically active materials: (a) semiconductors with a direct band gap and (b) 
three-level system of rare earth ionic states. In semiconductors as shown in Fig. 3.1(a), 
excitation photon of energy larger than its bandgap Eg is required to create an electron 
hole pair. Then the electrons (holes) will quickly decay to the bottom (top) of the 
conduction (valence) band by emitting phonons. At last, electrons and holes recombine 
radiatively by emitting photons. For the discrete energy levels shown in Fig. 3.1(b), pump 
photon of energy exactly the same as the energy difference from ground state to higher 
energy state is required for excitation. Usually the higher state is not stable and the ion 
will quickly relax to the lower state of longer lifetime through the multi-phonon emission. 
Finally it decays back to the ground state by emitting a photon. In both pictures, the 
energy of excitation photon has to be larger than that of emitted photon (PL signals). The 
reverse situation could occur based on higher order absorption processes such as multi-
photon absorption (MPA)
138
 and excited state absorption (ESA) 
1
. However, these higher 
order absorption processes are very weak at low excitation and only become observable 
under very strong excitation.    
 
Fig. 3.1: PL process in (a) a semiconductor with two parabolic bands (b) materials with 
discrete energy levels. 
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Fig. 3.2 shows the experimental setup for general PL measurements. It contains three 
parts: excitation, signal collection and detection. The power density of incoherent light 
source is not strong enough to excited detectable PL signal. Thus a coherent light source 
(e.g., laser) is usually used for optical excitation. To further increase power density, the 
laser beam is focused to the sample by a lens or an objective. The PL signal is collected 
by another lens and focused to the detection part. The signal detection part is usually 
done by a spectrometer. The typical spectrometer consists of a diffraction grating based 
monochromator and a detector. Other interferometer based spectrometers are also 
available, e.g. Fourier transform infrared (FTIR) 
139
.  
 
Fig. 3.2: General PL setup. 
3.3 Micro Photoluminescence 
The general PL setup has a large collection area. Although the large signal collection area 
provides a good signal to noise ratio, PL signal from smaller subarea is indistinguishable. 
Therefore it is only good for samples of uniform material properties in a scale of 
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millimeters or even bigger, e.g., semiconductor wafer. For samples consisting of tiny 
structures, e.g., micro / nano wires, micro-photoluminescence (micro-PL) become 
extremely helpful.   
3.3.1 Darkfield Illumination 
Besides the three parts in general PL setup, micro-PL has one more component: imaging 
system. In other words, a micro-PL setup is a combination of an optical microscope and a 
general PL system. The integrated optical microscope imaging system enables quick and 
accurate locating of tiny structures of interest. The spatial resolution of the imaging 
system is limited by the numerical aperture (NA) of the objective lens. Typically it can be 
estimated by d = 0.5 λ / NA. In visible range (λ ~ 550 nm), the resolution is around 300 
nm for the dry objective lens (NA = 0.9). Oil immersion type objective lens has a larger 
NA (n = 1.3) and the resolution can be further improved to ~ 200 nm. However, 
nanostructures such as nanowires and nanoparticles of size smaller than 200 nm in any of 
their dimensions are still very difficult to observe under optical microscope. The key to 
visualize these tiny structures is to increase the contrast. Darkfield imaging method 
provides an easy solution to increase the contrast dramatically. Fig. 3.3 shows the 
principle of darkfiled illumination. In the bright field illumination, the broad band light is 
focused to the sample on a glass slide by a condenser lens. In the darkfield illumination, 
the central part of the condenser is covered by an occlusion. The illumination light is 
partially blocked by the occlusion and only the annulus of light is focused to the sample. 
For a sample with a flat surface, the light is transmitted without changing its direction. 
When the NA of the collection objective lens is smaller than the NA defined by the 
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occlusion of the condenser, no light can be collected. When the sample is present, the 
scattered light from the sample within the cone of a solid angle defined by the NA of the 
objective lens can be collected. In other words, the collection objective lens only sees the 
scattered light from the sample while the substrate contributes to nothing but a pure black 
background. Thus the darkfiled illumination provides a large contrast between the sample 
and its surrounding environment. In this way the tiny feature down to several tens of 
nanometers can be visualized without breaking the limit of optical resolution. Note that 
although the small structure can be seen, its size shown in darkfield imaging is altered 
and still limited by the optical resolution. For example, a nanoparticle of 50 nm would 
look 200 nm large.  
            
Fig. 3.3: Principle of darkfield illumination. 
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In the upright microscope, the same objective lens is usually used for both 
illumination and collection. In this case, a specially designed darkfield microscope 
objective is used. Fig. 3.4 shows the darkfield illumination in the upright microscope 
system. The illumination light first passes through a patch stop (the same as the 
occlusion). The annulus light is then reflected to the darkfield microscope objective. The 
objective lens focuses the annulus light in a reflective way. The scattered light is 
collected by the center part of the objective (like the traditional objective lens) and then 
guided to the image sensor or spectrometer. The bright field illumination can be achieved 
by simply removing the patch stop. 
 
Fig. 3.4: Schematic of darkfield microscope. 
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3.3.2 Confocal Scanning Microscopy 
The most important capability of the micro-PL system is to resolve the PL signal spatially 
in the micron scale. In the last two paragraphs, the imaging resolution of the microscope 
system integrated to the PL setup has been discussed. The good imaging resolution helps 
to achieve the first step in micro-PL: put the sample of interest into the field of view 
(FOV). If the entire field of view is illuminated by the laser beam, all the sample in FOV 
can be excited and generate PL signal. However, only the signal in a portion of FOV can 
be detected. The exact size of signal collection area is determined by the magnification of 
the optical system and the entrance slit size of the spectrometer. For the higher 
magnification and the smaller entrance slit, the collection area is smaller. Usually it is 
around 100 m for a 50X objective. This is still far away from the capability of micro-
PL. There are several approaches that can be applied to achieve micron PL resolution. 
The first approach is to use a tightly focused laser beam. For a Gaussian laser beam, 
the smallest beam size that can be focused to is determined by the expression:    
        , where f is the focus length of the focusing optics, d is the beam size before 
focusing. When the beam size before focusing is equal to the diameter of the focusing 
lens or the aperture size of the objective, the above expression can be rewritten as: 
           , since NA = d/f. For example, a 405 nm laser can be easily focused to 1 
m by an objective of NA=0.5. When the laser beam is focused onto the sample in a sub-
micron scale, only the sample within the area of excitation and diffusion length can be 
excited. Therefore the collected PL signal only comes from a tiny area. The spatial 
dependent PL information can be obtained by scanning the sample plane. This can be 
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done by either fixing the excitation spot and moving the sample position, or fixing the 
sample position and shifting the excitation spot.  
 
Fig. 3.5: μ-PL scan along a two segmented CdSSe NW. The top figure shows the PL 
image of the nanowire under uniform excitation. The μ-PL scan reveals that the PL peak 
wavelength blue shifted gradually with each segment and changes dramatically at the 
interface of two segments. 
 
Fig. 3.5 shows an example of micro-PL scan along a two-segmented CdSSe NW. The 
top figure shows the PL image of the nanowire under uniform excitation. Clearly this 
NW consists of two segments which emit red and green color respectively. The two 
different colors originate from the bandgap emission of two different CdSSe 
compositions, where green corresponds to CdS rich and red corresponds to CdSe rich. 
Further micro-PL scan on this NW reveals more details. Micro-PL was done by focusing 
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a 405 nm laser tightly onto the nanowire and scanning along it at a step size of 5 m. The 
result shown in the bottom figure gave the spatial correspondence of PL peak position. 
Despite of the sharp transition from red to green, the PL peaks even blue shifted within 
each segment, indicating the gradual increase of sulfur composition from the right to the 
left end instead of being a single composition in each segment.  
 
Fig. 3.6: Principle of confocal system. 
The second approach relies on the confocal technique. Fig. 3.6 illustrates the idea of a 
confocal system. For a given lens system, there are conjugate points corresponding to 
each other. These conjugate points correlate the object and its image point. When the 
object is on the focal plane of the lens system, its conjugate point is also on the back focal 
plane. Thus these two points are confocal. In Fig. 3.6 we can see that point A and A’ are 
confocal. If we put a pinhole on point A’, all the light from point A will pass through this 
pinhole. For point B which is slightly shifted from point A, only a small portion of its 
light will go through the pinhole and the majority part will be blocked. Thus this pinhole 
isolates the light of point A from its surroundings. By scanning the pinhole on the back 
focal plane, the PL spectra at the sample plane (focal plane of the lens system) can be 
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obtained. Moreover, scanning along z direction can resolve the PL information at 
different sample planes. 
The spatial resolution of the confocal PL is determined by the size of the confocal 
area. It can be estimated through d = L / M, where M is the magnification of the lens 
system at back focal plane and L is the size of the pinhole. For example, at a 100x 
magnification, when a 100 m aperture is applied, the confocal area is 1 m. Again, the 
spatial resolution is limited by the optical resolution of the objective lens. If the optical 
resolution is 1 m, a pinhole of size smaller than 100 m does not help increase the 
spatial resolution but only decrease the detected PL signal. 
One convenient way in the confocal PL scan is to replace the pin hole with a 
multimode fiber. The core size of the multimode fiber defines the size of pin hole and the 
collection area. The multimode fiber automatically serves as both the pinhole and the 
collection optics. Thus confocal scan can be easily achieved by scanning one end of the 
multimode fiber on the back focal plane and output the PL signal from other end to the 
spectrometer. 
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3.3.3 Experiment Setup of Micro-PL 
Fig. 3.7 shows the schematic of micro-PL setup. The dash box represents the 
conventional optical microscope system with a laser injection port. The excitation laser 
can be focused to the sample through the injection port. Such on-axis type excitation 
usually features a small excitation area (due to the high focusing capability of the 
objective lens) and high excitation intensity. On-axis excitation can also be realized by 
focusing from the bottom of the sample, similar as the condenser configuration in the 
inverted microscope. However, it usually requires a transparent substrate so that the laser 
beam can penetrate the substrate for excitation. Alternatively, off-axis excitation can also 
be used when the laser injection port is not available. In the off-axis excitation, the laser 
beam is focused to the sample by another lens at an angle with respect to the sample 
plane. This type of excitation requires a relatively large working distance of the objective 
lens so that it does not block the laser beam. The working distance of the conventional 
objective lens decreases with the increasing of its NA. For example, the working distance 
of an objective with NA = 0.9 is around 1 mm, too small to allow off-axis excitation. 
Therefore special objective lens of long working distance but relatively high NA (e.g., 
0.5) has to be used. The same argument also applies to the lens used for focusing the 
excitation beam. For this reason, the excitation area is much larger than the on-axis 
situation due to the lager NA used for excitation.  
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Fig. 3.7: Schematic of micro-PL setup. 
The PL signal is collected by the objective and then passes through a series of optics, 
including beam splitters, dichroic mirrors and optical filters. For one-photon excited PL, 
the long pass filter is often used to block the residual of laser beam. For two-photon 
induced PL, short pass or band pass filers are used. Then the PL signal can be either 
imaged on the image sensor (camera) or focused to the fiber on the back focal plane for 
confocal scan. In different optical wavelength regimes, the PL detection efficiency can be 
optimized by selection of different optics (mirrors, lens, etc.) and detectors. Table 3.1 
lists typical materials in different optical regimes ranging from UV to IR. In the study of 
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erbium materials, a Si CCD detector, an InGaAs array and a PMT single element detector 
are used since its PL spectra are in the visible and near infrared region.  
Table 3.1. Typical materials used in different optical regimes 
 Mirror Lens Detector 
UV Al UV fused silica Si, multialkali PMT 
VIS Al, Ag, broadband 
dielectric 
BK7, silica Si, multialkali PMT 
NIR Ag, Au MgF
2
, CaF
2
 Ge, InGaAs 
MIR Au MgF
2
, CaF
2
, 
ZnSe, KBr 
InSb (with lock-in Amp), MCT 
(with FTIR) 
 
In combination with the micro-PL setup, temperature dependent PL and polarization 
dependent PL can be performed with some accessories. In order to measure temperature 
dependent PL (especially in low temperature regime), the sample has to be loaded in a 
cryostat. Here we use the cryogen flow type cryostat from Janis Research, Inc. The ST-
500 cryostat can accommodate a sample of size up to 1 inch. It is fully compatible with 
the optical microscope. The temperature can be varied from 3.5 K to 475 K. The inner 
chamber of the cryostat is pumped down to high vacuum (10
-5
 torr) in order to prevent 
the water condensation on the top window. Long working distance objective is again 
required to be used here since the distance from sample surface to the top of the cryostat 
window is more than 3 mm.  
Polarization dependent PL involves both polarization of the excitation beam and the 
polarization of the induced PL signal. The polarization direction of the excitation laser 
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would affect the absorption of the sample. It can be measured by rotating either the 
sample orientation or the polarization direction of excitation beam. Usually the latter one 
is more convenient. This can be easily achieved by inserting a half wave plate (HWP) 
into the beam path of excitation laser. When the orientation of the HWP is rotated by θ 
degree, the polarization direction of the laser beam will change 2θ degree accordingly.  
The polarization of the PL signal can be measured by inserting a polarizer into the signal 
path. There are several types of polarizer available, such as Glan-Taylor, Glan-Thompson 
and film (or sheet) polarizer. The Glan-Taylor polarizer is usually used for high power 
lasers due to its high damage threshold. However, its acceptance angle is too small (< 7 
degree) to be applied for un-collimated beam. Generally the PL signal is much weaker 
than the damage threshold of any polarizer but not well collimated. Thus Glan-Taylor 
polarizer is not a good choice. In contrast, the Glan-Thompson polarizer has a much 
larger acceptance angle (~ 40 degree) but a lower damage threshold, thus could meet this 
requirement. Ideally the film polarizer is the best because of its compact size fitting into 
the microscope and large acceptance angle. However, the conventional polymer based 
film polarizers have a small extinction ratio and limited wavelength range (mainly in 
visible). The state-of-the-art nanoparticle film polarizer features large extinction ratio and 
broad wavelength range. Therefore it is the best choice in analyzing the polarization of 
PL signal. Other fiber based polarizers are beyond the discussion of this dissertation.  
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3.3.4 Scanning Near Field Optical Microscopy  
So far the spatial resolution of micro-PL is always limited by the optical resolution limit. 
In order to get subwavelength resolution via the optical method, near field techniques 
have to be used. Scanning near-field optical microscopy (SNOM, or sometimes called 
NSOM) is a powerful tool to make a 2D mapping of the localized field with a spatial 
resolution as small as 20nm. Such a 2D mapping will illustrate the field distribution and 
give out the size of the hotspot in the sample. A schematic of SNOM is shown in Fig. 3.8. 
An aluminum coated aperture cantilever with a very tiny opening (several tens of 
nanometers) at the vortex of the hollow pyramid is used as an optical near field probe.  
This probe is so close to the sample that only the field close to the aperture area can be 
coupled and transmitted through the probe. It is true for both excitation field and the 
optical field of PL signal. Therefore a subwavelength resolution can be achieved by 
making this aperture very small, for example, 20nm. However this resolution cannot be 
further improved down to 10nm due to the fact that power throughput scales with the 
diameter to the forth power. When the aperture size of less than 20 nm is used, the 
excitation field is very weak and the signal detection is also too weak to be detectable. In 
terms of scanning technique, SNOM uses the similar method used in the atomic force 
microscopy (AFM) to position the probe and scan the surface. A laser beam deflected 
from the cantilever is monitored by a segmented photodiodes for feedback control. The 
piezo driver controls the cantilever to move accurately above the sample surface. For this 
reason, usually the SNOM also integrates the function of AFM for characterization of the 
surface morphology. In the typical design of SNOM, confocal scanning is also used at the 
same time to further increase the collection efficiency.  
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Fig. 3.8: Schematic of SNOM. The inset is the SEM image of probe tip. The black hole in 
the middle is the aperture of 50 nm. SEM image is adapted from the website of WITec 
instruments
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3.4 Darkfield Confocal Microscopy  
Localized surface plasmon resonance (LSPR) is the manifestation of the surface plasmon 
polariton on nanoscale metallic structures. It can be characterized by several methods, 
such as electron energy loss spectroscopy (EELS) and extinction spectrum. Alternatively 
the LSPR can be optically characterized by measuring the scattering efficiency via a 
darkfield confocal microscope (DCM). The usage of darkfield illumination minimizes the 
background signal from the reflection. The confocal type imaging selects the signal from 
the area of interest only and further improves signal to noise ratio. DCM combines high 
contrast imaging with high spatial resolution simultaneously in the LSPR spectra 
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measurement. DCM is a relatively inexpensive technology compared to the EELS, which 
is very expensive and difficult to maintain. Moreover, it does not require a solution based 
sample or a transparent substrate as that for the extinction spectroscopy. Moreover, this 
method enables the study of a single nanoparticle or structure, an impossible task using 
the other two approaches. In the DCM setup for LSPR measurement, the signal light from 
a darkfield microscope (Olympus BXFM) is coupled to a UV-VIS spectrometer. The 
confocal function is realized by placing a pinhole carefully at the image plane between 
the optical microscope and the spectrometer. The confocal area can be changed from 2 
μm to 40 μm by varying the size of the pinhole.  
 
Fig. 3.9: Au nanoparticles on Si substrates. (a) Scattering images (b & c) scattering 
spectra. The average size of nanoparticles increases from spot 1 to spot 8.    
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As an example shown in Fig. 3.9, the Au nanoparticles on a Si substrate with different 
particle sizes were studied. Fig 3.9(a) shows the darkfield images of the Au nanoparticles 
at eight different spots spanning over the 2 mm long substrate. SEM images (not shown 
here) revealed that the average size of Au nanoparticles continuously changed from 170 
nm from the left side of the substrate (spot 1) to 100 nm on the right side (spot 8).  The 
colors shown in the scattering images changed from green to red as size decreases. The 
scattering spectra in Fig. 3.9 (b) and (C) show two LSPR modes, one in the green color 
region and the other close to the red region. The two LSPR modes are speculated to 
originate from the vertical and lateral electron oscillations on the elliptical shape 
nanoparticles. Both peaks blue shifted with decreasing the size of the particles.   
3.5 Photoluminescence excitation (PLE) Spectroscopy 
Photoluminescence excitation (PLE) is a technique for absorption measurement. It is 
especially useful for materials of small absorption to which the traditional absorption 
measurement fails. In PLE, PL signal at specific wavelength is monitored while the 
energy of excitation photon is varied. The excitation wavelength dependent PL intensity 
resembles the feature of absorption spectrum under several assumptions. First, the excited 
system reaches thermal equilibrium much earlier before the radiative decay completes. 
Second, the internal quantum efficiency does not change with excitation wavelength. 
Third, the PL intensity is linearly dependent on the excitation flux. The first two 
assumptions assure the linear dependence between PL intensity and the density of excited 
carriers (or ions) due to absorption. The last assumption allows the normalization of PL 
intensity to the excitation photon flux when the excitation power varies for different 
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wavelengths. In this way, absorption features such as bandedge and absorption lines can 
be extracted from PLE spectroscopy with a good signal to noise ratio.     
The experiment setup of PLE can be modified from PL setup by replacing the 
excitation laser at a fixed wavelength used in PL with a wavelength tunable excitation 
source. Such sources can be made either from a broadband source with a monochromator 
or bandpass filters, or a wavelength tunable laser. The later one has much stronger power 
density in the given wavelength compared to the former one. For example, the-state-of-
the-art ultrafast Ti:Sapphire laser system together with the harmonic generators and 
optical parametric oscillator (OPO) can generate powerful laser beam for optical 
excitation from 240 nm to 3800 nm. However, it is also much more expensive than the 
former one. 
In this dissertation, PLE is used to determine the excitation mechanisms in erbium 
compound nanostructures. The details can be found in section 4.4. 
3.6 Micro Raman 
Raman scattering was first discovered by C.V. Raman in 1920s 
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. Since then Raman 
spectroscopy has become one of the most popular analytical techniques. It provides 
comprehensive information about the vibrational modes in the sample. Fig. 3.10 
illustrates the basic Raman processes. In Rayleigh scattering, the scattered light has the 
same frequency and strong signal relative to the excitation. In Raman scattering, the 
scattered filed is frequency shifted. In the quantum picture of view, such inelastic 
scattering can be understood by emitting or absorbing a phonon, which is the quantum of 
vibration mode. For example, the solid under excitation can be excited to a virtual higher 
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lying state by absorbing a photon and then re-emit a photon with slightly less energy and 
a phonon. This is called Stokes Raman scattering, in which the Raman signal is red 
shifted. In contrast, the Anti-Stokes Raman scattering is blue shifted by absorbing a 
phonon.  
Comparing with PL process, the Raman signal is very weak, about 10
-8
 ~ 10
-12
 of the 
incident light. The Anti-Stokes lines are even weaker than the Stokes lines due to the 
smaller population in the excited vibration states. In general, the relative intensity ratio 
between the Anti-Stokes and the Stokes lines is proportional to the ratio of their 
population. Thus we have: 
   
  
       , where E is the phonon energy and T is the 
temperature. Once the intensity ratio between the Anti-Stokes and the Stokes lines is 
measured, the temperature can be calculated given that the phonon energy is known. 
Such relation provides a good method to measure the in-situ temperature of the sample 
under study in a non-contacting way. 
 
Fig. 3.10: Optical process of Raman scattering. 
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The experimental setup of micro-Raman spectroscopy is essentially the same as the 
micro-PL except a few points. First, Raman spectroscopy measures the relative shift 
towards the excitation energy. In Raman spectra, the Raman signal intensity is often 
plotted as a function of wave number shift in the unit of cm
-1
, which is a measure of the 
energy difference with respect to the excitation photon. When excitation lasers of 
different photon energies are used, the wavelength of the Raman signal may change 
accordingly. This is different with PL, where the wavelength of PL signal barely changes 
with the excitation wavelength. This difference provides a good way to distinguish the 
Raman signal from PL signal in the experiment. Second, Raman spectroscopy usually 
requires even higher spectra resolution than PL. At 550 nm, 0.03 nm spectra resolution 
corresponds to 1 cm
-1
 wavenumber shift in Raman spectra. Third, edge filter of sharp 
transmission transition right above the excitation wavelength are often used in Raman 
spectroscopy instead of the typical long pass filter with a slow transition used in PL. To 
measure the Anti-Stokes lines, short pass edge filters or narrow band notch filters are 
needed. The steepness of the transmission transition of the filter determines the minimum 
measurable wavenumber shift. Third, the selection of excitation laser sources for Raman 
is more restricted than PL. Recall the fact that the Raman signal is much weaker than PL 
signal. The PL signal could create a strong background and even cover the Raman signal 
completely. Thus the excitation wavelength in Raman spectroscopy has to be chosen 
carefully in order to minimize PL signal. For example, it is better to choose excitation 
energy higher than the bandgap for a semiconductor material of direct bandgap. Besides 
that, the linewidth of the excitation laser also has to be small enough since it also affects 
the spectral resolution. For this reason, a single mode laser with very narrow bandwidth is 
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preferred although multimode laser or short pulse laser usually would have a higher 
excitation power. 
 
Fig. 3.11: Raman spectra of CdS nanowires. Black: As grown CdS nanowires on quartz 
substrate under off-axis excitation; blue: Dispersed CdS nanowires on Si substrate under 
off axis excitation; Red: Single CdS nanowire under on-axis excitation. Inset: SEM of the 
single CdS nanowire. 
  
Based on the criteria described above, the micro-Raman setup is modified from the 
micro-PL setup as shown in Fig. 3.7. The excitation sources include a 75mW, 532 nm 
diode pumped solid state laser of 50 MHz bandwidth and a 20 mW HeNe gas laser. 
Multiple edge filters (Semrock) are applied to block the residual of laser beam at more 
than OD 12. The high quality filters together with the small bandwidth of excitation laser 
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leads to a minimum detectable wavenumber shift down to 15 cm
-1
. Moreover, the 
1800/mm grating is used for high spectra resolution down to 1 cm
-1
. 
Fig. 3.11 shows an example of Raman spectra of the CdS nanowires. The photon 
energy of 532 nm excitation laser is below the bandgap of CdS (2.42 eV). Thus no PL 
signal was observed. First, the laser beam was focused to the as-grown CdS nanowires on 
a quartz substrate at an angle (off-axis). The peak positions in its Raman spectrum shown 
in the black curve matched well with the reported phonon modes at different critical 
points 
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. To study the properties of individual CdS nanowires, CdS nanowires were 
dispersed onto a Si substrate by drop casting. The inset shows the SEM image of a single 
CdS nanowire. Still under off-axis excitation, the Raman signal from well dispersed CdS 
wire (blue curve) was barely observable due to the weak Raman signal, while the Si 
Raman signal from the substrate was way too strong. Much higher excitation intensity is 
needed to visualize the Raman signal from a single CdS wire. To increase the excitation 
intensity, the laser beam was tightly focused to an individual nanowire via on-axis 
excitation. As shown in the red curve, all the phonon modes from one CdS nanowire 
could be seen again while the Raman intensity from the Si substrate was significantly 
suppressed.  
Very often the Raman signals from other samples are even weaker. Different 
techniques such as surface enhanced Raman scattering (SERS) 
143
 and tip enhanced 
Raman scattering (TERS) 
144
 have been developed to boost Raman signal under the 
available pump source. Both techniques utilize the plasmonic enhancement effect at the 
interface of metallic material to boost either the absorption or emission rates of Raman 
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scattering. SERS often uses a metallic film with a rough surface to enhance the Raman 
signal. In TERS, a sharp metallic tip (or a tip with a metallic nanoparticle) is put very 
close to the sample to enhance Raman. While SERS is better for samples with uniform 
properties over a relatively large area, TERS is better for samples consisting of an 
individual nanoparticle.           
3.7 Time Resolved PL and PL Lifetime 
PL only occurs when the excited states decay radiatively. The excited states have a finite 
lifetime. Therefore PL is not an instantaneous response to the photon excitation. Fig. 3.12 
illustrates the PL response to the turn on and turn off of laser excitation. When the laser 
excitation is turned on, it takes time to reach equilibrium among different states. Thus PL 
intensity increases until the steady state is reached. When the excitation is turned off 
suddenly, PL process does not terminate immediately but continues for a while until all 
the carriers are relaxed to the ground state. Time resolved PL measures how such balance 
is built or how the carriers die out by recording the PL signal as a function of time. It is a 
powerful tool in the material study. The dynamics can be learned in details from time 
resolved PL. Different decay channels related to the defects within the material can be 
identified.   
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Fig. 3.12: PL responses to the turn on and turn off of laser excitation. 
Depending on the time scale and the intensity of PL signal, different techniques are 
used to measure time resolved PL. Table 3.2 summarizes the application range for 
different techniques.  The typical lifetimes of semiconductors and rare earth materials 
range from several hundreds of picoseconds to tens of milliseconds. In order to detect the 
low level PL signal in this time range, a multichannel scaler method and time correlated 
photon counting (TCSPC) are used.  
Table 3.2 Specification of different techniques for time resolved PL 
 Best time 
resolution 
Time window Requirement of signal 
intensity 
Direct time trace 1 ns Unlimited Strong 
Gated photon 
counting 
5 ns Unlimited Weak 
Multichannel scaler 1 ns Unlimited Weak 
TCSPC 30 ps 2 μs Weak 
Streak Camera 1 ps 2 μs Weak 
Pump-probe 5 fs 3 ns Strong 
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3.7.1 Time Correlated Single Photon Counting (TCSPC) 
Time correlated single photon counting is a powerful technique for fluorescence lifetime 
measurement. It combines the advantages of low level light detection by counting single 
photons and the picosecond time resolution by dividing the periodical light signal into 
thousands of channels. In a typical TCSPC system, the detection signal is synchronized to 
the periodical excitation signal. As shown in Fig. 3.13, each short excitation pulse will 
induce a PL decay process. The inter-pulse time separation (period) is long enough that 
the PL decays completely before the next excitation pulse arrives. The leading edge of 
the excitation pulse will start a new cycle for single photon counting. One of the 
characteristics in TCSPC is that the intensity of the signal light is kept low enough so that 
the probability of detecting a photon in one period is much less than one. The low signal 
intensity can be achieved by either lowering the excitation power or simply adding 
neutral density filters into the optical path of signal collection. After a long acquisition 
time there will be periods with the photon detection event while some do not. Those 
periods of more than one photon detected are negligible. The internal clock system in the 
TCSPC board divides the inter-pulse time separation into thousands of time channels. 
The time of photon detection will be tagged and recorded in the corresponding time 
channel and stored in a memory. Finally the waveform of the fluorescence can be 
reconstructed by summing up the recorded photon detection event in each time channel. 
In this way the time resolved PL which contains the information of fluorescence life time 
is measured.  
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Fig. 3.13: Principle of TCSPC. The top part shows the synchronized excitation pulses and 
the resulting PL pulses. The bottom figure is adapted from Ref 145, where the top long 
pulses indicate the actual PL signal and the small stripes at the bottom indicate time 
channels.  
Because there is at most one photon detection in each period, the time resolution is no 
longer limited by the pulse width of single electron response in the detector. For TCSPC 
the time resolution depends on the accuracy of determination of the time moment the 
photon arrives. Different timing jitters and the transit time spread (TTS) of detectors 
would affect such timing accuracy. Timing jitter is the short term time variation of a 
given electric signal in the high speed electronic devices. For example, the timing jitter of 
the synchronization signal in the picosecond pulse laser is around 20 ps. TTS is the 
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fluctuation of the time delay between the absorption of a photon on the cathode to the 
output on the anode of PMT detector. Both timing jitters and TTS are typically much 
smaller than the response pulse width of a fast response detector. Thus the time resolution 
of TCSPC is greatly improved.  Moreover, it utilizes every detected photon instead of 
setting a gate and thus improves the signal to noise ratio significantly. 
The experimental setup of TCSPC system is shown in Fig. 3.14. The excitation 
sources include a picosecond diode laser (50ps, 405nm, 350mW@ peak power) and a 
femtosecond laser with harmonic generators (Tsunami, Ti:Sapphire, 150fs, 750nm~ 
830nm). The repetition rate can be varied from 1Hz to 80MHz by driving the laser 
through a pulse generator (SRS DG535).  The excitation sources are coupled to a micro 
PL system equipped with long working distance and high power objectives. The spatial 
resolution can be down to 700nm which enable us to locate a single nanowire easily.  The 
luminescence light is coupled out to a 0.3 m monochromator and then detected by a photo 
multiplier tube. Two PMTs working in different wavelength ranges are available: 
Hamamatsu R928 for UV-VIS and H10330-75 for NIR. Then the PL signal is amplified 
by the preamplifier. The synchronization signal is delayed by a digital delay line to 
compensate the time difference in optical path. Both synchronization signal and the PL 
signal are processed by a TCSPC board (B&H, SPC-130) and finally output the time 
dependent PL intensity which contains the information about the intrinsic lifetime of 
different states. The time resolution of this setup is mainly limited by the TTS of the 
PMT detector (0.3 ns). It works best for semiconductors or higher excited state rare earth 
materials with lifetimes on the orders of tens of nanoseconds. 
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Fig. 3.14: Experiment setup of TCSPC system. 
3.7.2 Multichannel Scalar Method 
While the TCSPC has the advantage of measuring short lifetimes, the system has limit in 
measuring lifetimes longer than the total width of all the time channels (time window), 
which is 2 s for SPC-130. For lifetime longer than that, multichannel scaler can be used. 
The multichannel scaler counts photons within successive time intervals and stores the 
results in sequential memory locations of a fast data memory. Comparing with TCSPC 
method, the multichannel scalar has higher counting rates, because it can record multiple 
photons in one period while TCSPC record less than one photon per period. For this 
reason, the time resolution of the multichannel scaler is also limited by the response time 
of the detector. It is also limited by the memory speed, which is around 1ns. However, 
such time resolution is good enough for lifetimes of microseconds or longer. 
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Fig. 3.15: Experiment setup of multichannel scaler setup. 
Fig. 3.15 illustrates the experiment setup consisting of the multichannel scaler. A 667 
nm pulse laser is used for optical excitation. For lifetime less than 1 ms, this pulse laser is 
internally driven at 100 Hz and outputs a 4.5 ms square pulse. For lifetime longer than 1 
ms, smaller modulation frequency and longer pulse duration time is used. A beam 
sampler splits a small portion of laser beam to the fast Si detector for reference signal 
generation. In the lifetime measurement, each recording is triggered at the falling edge of 
the excitation pulse instead of its rising edge, mainly because that the falling edge is 
shorter than the rising edge. For this reason, the time resolution of this system is 
determined by this falling edge which is around 2 s. The majority excitation laser passes 
through the optical attenuator which will be described in later section. Then the laser 
beam is coupled into the micro-PL setup. For simplicity, the illumination and camera 
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imaging part is not shown in the figure. The PL signal is detected by a fast NIR PMT. To 
maximize the detection efficiency, monochromator was not used. Proper filter sets (e.g., 
RG1000 and LP1064) were used to block the laser beam and other unwanted PL signal. 
The detected PL signal is further amplified by a pre-amplifier and then send to the 
multichannel scaler (SRS SR430) together with the reference signal. This multichannel 
scaler setup serves as the main work horse for the lifetime measurement of erbium 
materials.  
3.8 Other Optical Techniques 
3.8.1 Excitation Power Dependence 
The excitation power dependent PL (or other nonlinear optical signals) measures how the 
PL spectra evolve with the excitation power. Abundant information can be extracted from 
such type of measurement in conjunction with the analysis of the rate equations. For 
example, the peak wavelength shift due to band filling, the slope change of intensity 
versus pump power due to different dominated carrier decay processes. Excitation power 
depend PL is especially critical in determination of lasing processes, where the PL 
changes dramatically from spontaneous emission to stimulated emission at lasing 
threshold. The accuracy of the power dependent PL not only relies on the recording of PL 
signal but also requires the accurate variation and determination of excitation power. 
The output power of the excitation laser can be changed internally or externally. For 
the internal adjustment, one can change the injection current or laser cavity to alter the 
output power. This is not recommended since the other properties of laser output may 
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also change. For example, the laser linewidth and divergence angle may be changed. 
Thus the external power adjustment is preferred. 
 
Fig. 3.16: Laser power variation and detection by (a) variable neutral density filter set, or 
(b) optical attenuator.  
  
Fig. 3.16(a) shows one simple approach to change the laser power continuously by a 
continuous neutral density (ND) filter. The transmitted laser power can be measured by a 
power detector mounted on the beam path. The magnetic mount allows repeatable 
measurement when the power meter is removed for laser excitation. This approach is 
good for power dependent PL for uniform samples in cm scale but less likely to work 
accurately for micro-PL. The reason is that the continuous ND filter would deflect the 
transmitted laser beam a little bit when it is set to a different ND position. Such a small 
shift would not hurt the former one but causes a significant shift (e.g., 10 micron) of the 
excitation position on the sample plane. In the extreme case, one could observe a 
decrease of PL signal even when the transmitted laser power is increased a little bit due to 
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the walk-off of excitation spot. Another disadvantage of continuous ND filter is that the 
transmitted laser beam no longer retains a Gaussian profile due to the fact that the OD 
value changes along the azimuthal direction of ND filter and the laser beam has a finite 
size.  
A better way to change the excitation power is shown in Fig 3.16 (b). This attenuator 
is based on Malus’ law. The typical output of laser beam is already polarized. To further 
increase the polarization extinction ratio, polarizer 1 can be used as the pre-polarizer after 
the laser output. Polarizer 2 can be used to set the desired polarization direction of 
excitation. As we mentioned earlier, rotation of the half wave plate by θ degree leads to a 
2θ degree rotation of polarization direction. Therefore the power output after polarizer 2 
is given by:        
     . Full range of attenuations from minimum to maximum is 
achieved by half wave plate rotation from 0° to 45°. Such attenuator configuration 
changes the excitation power continuously without deflecting the laser beam direction. 
Meanwhile, the laser power can be monitored by a beam sampler which transmits the 
majority of laser power and reflect a small portion for power measurement. In such a 
configuration, the power detector does not need to be placed and removed frequently, 
further improving the accuracy of power measurement.      
3.8.2 Determination of Beam Size 
The strength of optical excitation is described by intensity I = P / A, where P is the power 
of excitation laser and A is laser spot size on the sample plane. Intensity is also related to 
photon flux ϕ through this expression: ϕ = I / hυ, where hυ is the photon energy of laser. 
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In the last section we have discussed the measurement of excitation power. In order to 
determine the excitation intensity, the spot size needs to be known. 
The laser spot size on the sample plane can be estimated from the NA of focusing 
optics, or by imaging the laser spot directly on the micro-PL setup. However, neither of 
them can give an accurate number. The first one relies on the fact that the sample is right 
on the focus plane of the focusing optics, which might not always be true. The latter one 
requires a special imaging camera which is capable of outputting the original data before 
it is processed to construct the image. Usually the common microscope camera image 
does not conserve the original intensity profile due to its small dynamic range and the 
nonlinear image construction algorithm. The optical beam profiler is the tool designed to 
measure the laser spot size. When it is not available, a razor edge cutting method can be 
used to measure the laser spot size.  
 
Fig. 3.17: Measurement of the laser spot size (a) razor edge cutting (b) rotating chopper 
wheel cutting. 
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The razor edge cutting method is based on the assumption that the laser spot has a 
Gaussian distribution, as shown in Eq. 3.1:  
                                                   
   
   
     
   
  
                                                     (3.1) 
P0 is the total power of the laser beam, w is the beam waist. When a razor edge is moving 
along the x direction as shown in Fig. 3.17(a), part of the laser spot can be blocked. The 
transmitted laser power can be described by Eq. 3.2: 
                                                      
 
 
       
√  
 
                                                    (3.2) 
where erfc is the complementary error function. If one can measure the transmitted power 
at different cutting position, the size of beam waist can be obtained by fitting the 
experimental data using Eq. 3.2. 
 
Fig. 3.18: Elliptical spot under off-axis excitation.   
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Alternatively, the razor edge can also cut the laser spot in the radial direction as 
shown in Fig. 3.17 (b). In this configuration, the razor edge can be replaced by a rotating 
chopper. The falling edge of the transmitted laser pulse is a direct measure of the beam 
waist. Suzaki and Tachibana 
146
 showed that the time required for the power to drop from 
90% to 10% of its full value is related to the Gaussian spot size according to: 
                                                                                                         (3.3) 
where ω is the angular frequency of the rotating chopper wheel, r is the center-to-center 
distance from the chopper wheel to the laser spot. 
 
Fig. 3.19: The measurement of the laser spot size via off-axis excitation. (a) PL image 
induced by the laser spot reveals the long and short axis; (b) transmitted laser power by 
cutting the laser spot along the short axis. The red curve shows a good fitting to the 
experimental data, which gives w =35.7 μm. 
 
When off-axis excitation is used in micro-PL, the razor cutting edge method shown in 
Fig. 3.17(a) is better for spot size measurement. As shown in Fig. 3.18, the laser spot size 
is a projection of the laser beam on the sample plane. Thus it is in elliptical shape instead 
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of round shape. The short axis of the elliptical represents the beam waist on sample plane. 
Cutting the laser spot of an elliptical shape along different orientation may lead to 
different transmitted power dependences.  In this case, the razor edge cutting method has 
to be combined with direct imaging for orientation identification. Fig. 3.19 shows such an 
example. A uniform InP wafer is focused to the imaging plane. A 667 nm laser is focused 
on it via a lens of 200 mm focus length. The PL image is captured by the camera of 
micro-PL setup while the residual of excitation laser is filtered completely. It is clear that 
the PL image is in an elliptical shape. However, the PL intensity is not necessary linear as 
the excitation intensity. The razor edge is put onto the same sample plane under focus and 
aligned to be parallel to the long axis (y direction) so that it can cut the laser spot along 
the minor axis (x direction). The transmitted power as a function of the position along x 
direction is shown in Fig. 3.19(b). Fitting the experimental data using Eq. 3.2 gives a 
beam waist of 35.7 m.    
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Chapter 4  
ERBIUM CHLORIDE SILICATE: BASIC PROPERTIES 
Er compound materials circumvent the solubility limitation of doped materials by 
dispersing Er ions in the crystal structure uniformly so that no Er clusters are formed. In 
this way, Er concentration up to 3 x10
22
 cm
-3
 can be achieved 
95
. Some Er compound 
materials (e.g., erbium chloride) will absorb water molecules and form hexahydrate when 
it is exposed to air, thus have little practical use. Other Er compounds such as erbium 
oxide 
92,93-95
 and erbium silicate 
98-101
 are chemically stable in the atmosphere at room 
temperature. However, the crystal qualities of these compounds are not good enough. As 
a consequence of the bad crystal quality, the lifetime is too short and the upconversion 
effect is strong, making it difficult to achieve optical gain in these compounds.     
This work studies a new single crystal erbium compound: erbium chloride silicate 
(ECS, Er3Cl(SiO4)2). ECS was previously synthesized in polycrystalline form by heating 
a mixture of ErCl3 and SiO2 at 900 °C and 1 kbar for 68 hours 
147
. In this work, ECS 
single crystals are synthesized in nanowire form using an Au assisted CVD method. The 
detailed synthesis method is described in Chapter 2. Single crystal ECS has an 
orthorhombic crystal structure with lattice parameters of a = 0.682 nm, b = 1.765 nm and 
c = 0.616 nm. Fig. 4.1 shows the ball stick model of the ECS crystal structure modified 
from ytterbium chloride silicate 
148
. The arrow indicates the [060] direction of atomic 
planes. The unit cell contains four formula ECS in the space group Pnma. Among the 
total 12 Er ions in each unit cell, eight of them are distributed on 8(d) sites and four of 
them occupy 4(c) sites. The two different types of Er ions have different site symmetries. 
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The calculated Er concentration is 1.62 x 10
22
 cm
-3
. The average and minimum Er-Er 
distance in ECS crystal are 3.97 Å and 3.54 Å, respectively. The presence of chlorine 
atoms dilute the Er concentration and increases the distance of Er-O bond 
148
.  
 
Fig. 4.1: The unit cell of erbium chloride silicate. 
4.1 Morphology and Structure 
Fig. 4.2 shows the typical scanning electron microscopy (SEM) images of the as-grown 
nanowires on quartz substrate using one-zone furnace. The quartz substrate is covered by 
a dense nanowire layer. These wires have diameters from several tens of nanometers to a 
few hundreds of nanometers, with their length from several to more than 10 m. They are 
grown randomly in all directions on the substrate. Fig. 4.3 shows the energy dispersive 
X-ray spectroscopy (EDX) of the as grown nanowires. It clearly shows that the wires are 
composed of four kinds of elements: Si, Er, O and Cl. X-ray diffraction (XRD) spectra 
were collected on the  PANalytical X’Pert Pro Materials Research X-ray Diffractometer 
equipped with a CuKα radiation (=1.54178 Å). Fig. 4.4 shows the X-ray diffraction 
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(XRD) spectrum of the nanowire sample. The peaks marked with stars are well indexed 
with the orthorhombic crystal structure of ECS (JCPDS card: No. 00-042-0365). The 
remaining peaks of the XRD spectrum are identified to those of cubic Silicon (JCPDS 
card: No. 00-026-1481). Thus XRD results indicate that the nanowires simultaneously 
contain ECS crystal and silicon. Since both the EDX and XRD results are from the 
nanowire ensemble, it is possible that different nanowires have different compositions, or 
individual nanowires are composed of heterostructures.  
 
Fig. 4.2: SEM of as grown ECS nanowires on quartz substrate (a) wide area and dense 
coverage (b) high magnification zoom in feature of nanowires.   
 
Fig. 4.3: EDX of as grown nanowires on quartz substrate. 
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Fig. 4.4: XRD of as grown nanowires. The peaks are well indexed with Si and ECS. 
To answer the questions above, the structure of individual nanowires was 
characterized by transmission electron microscopy (TEM). The TEM images were 
collected with a JEOL JEM-2010 Hi-Resolution Transmission Electron Microscopy at 
200 kV, equipped with a Link EDS detector. Fig. 4.5 shows a typical low-magnification 
TEM image of a single wire with a uniform diameter of ~80 nm. The large bright-dark 
contrast variation between the middle and outer sections indicates that the wires consist 
of materials with different masses. Fig. 4.5(b) and 4.5(c) show TEM-EDS spectra 
collected from the darker outer and lighter interior regions, respectively. Both spectra 
show peaks of elements Er, O, Cl, Si and Cu (from the copper grid), but the Si 
concentration in the interior is much larger than that in outer region. Fig. 4.5(d)~(g) show 
the respective two-dimensional element mapping of this wire for the detected elements O, 
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Si, Er and Cl, respectively. The results show higher Si concentration in the inner core 
region than that in the outer stripes, whereas Cl, O, and Er elements show complimentary 
distributions. The combination of TEM image, EDS spectral mapping, and XRD 
indicates that the investigated nanowire is a Si-ECS core-shell heterostructure, with the 
lighter Si in the core and the heavier elements of ECS compound in the shell. 
 
Fig. 4.5: Si-ECS core-shell nanowire analysis: (a) Low resolution TEM; (b) & (c): EDS 
of shell and core; (d)-(g): Two-dimensional element mapping of O, Si, Er and Cl. 
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This structure is further substantiated by the high-resolution TEM (HRTEM) 
investigations. Fig. 4.6(a) shows the HRTEM image taken from the interface region 
between the core and shell (see the marked area in Fig. 4.5(a)) with their interface sharp 
at the atomic scale. The core has a lattice spacing of 0.312 nm, consistent with the 
interplanar spacing of the Si {111} lattice planes.  The measured lattice spacing of the 
shell is 0.298 nm which is in good agreement with the {060} interplanar distance of 
orthorhombic structure of ECS, corresponding to the strongest peak at around 30 degree 
in the XRD pattern (see Fig. 4.4).  The fast Fourier transform (FFT) analysis in Fig. 
4.6(b) further demonstrates both core and shell are of high-quality single crystalline 
materials. Furthermore, the relative orientations of the two materials can be determined 
from this FFT analysis.  The inset of Fig. 4.6(b) is the FFT of the ECS shell which 
confirms the HRTEM image taken along the zone axis. The determined orientation of Si 
core is along the    ̅   zone axis.  
Besides the Si-ECS core-shell nanowires, we also observed solid ECS nanowires 
without the Si core. Fig. 4.7 shows the TEM image of such a solid wire. In the low 
magnification TEM image (Fig. 4.7(a)), large dark/bright contrast was not observed as 
shown in the core shell structure. HRTEM images shown in Fig. 4.7(b) reveals the lattice 
spacing of 0.87nm, corresponding to the {020} planes of ECS. Notice that this growth 
direction is the same as the [060] direction observed in the core-shell ECS structure, 
indicating the consistency of the growth. 
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Fig. 4.6: Interface of Si-ECS core-shell nanowire (a) HRTEM image (b) The 
corresponding FFT pattern converted from the interface region as well as from a selected 
shell region (inset). 
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Fig. 4.7: Solid ECS nanowire without Si core (a) low magnification TEM image (b) High 
resolution TEM image with its FFT in the inset. 
 
4.2 Growth Mechanism 
Based on these experimental evidences, a two-step growth mechanism is suggested: Si 
wires are first grown via the Au catalyzed Vapor-liquid-solid (VLS) mechanism, which 
serve as templates for the subsequent growth of the ECS shells. Subsequently, the active 
surface of the pre-grown Si wires react with oxygen and the Er
3+
 / Cl
-
 ions from the slow 
decomposition of the ErCl3 micro beads, to form the ECS compound of the shells. Thus 
the outer layers of pre-grown Si wires convert into the Si-ECS core/shell heterostructures 
due to the surface reaction. 
To verify the proposed growth mechanism, a contrasting experiment was conducted. 
The experiment setup is shown in Fig. 4.8(a). Comparing with the typical setup which 
was described in the experimental section, another Au coated quartz substrate was 
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positioned between the Silicon powder and the anhydrous ErCl3 micro beads. The SEM 
image (Fig. 4.8(b)) shows that this substrate also has NWs growth besides the typical Si-
ECS NWs on the second substrate. In-situ EDS analysis (Fig. 4.8(c)) of these NWs 
confirmed that they are pure Si NWs without ECS shell. This result confirms that Si NWs 
are formed for the given growth condition in the absence of the ErCl3 source.  
 
Fig. 4.8: Verification of growth mechanism (a) growth setup for the contrasting 
experiment (b) SEM image and the corresponding EDS spectrum (c) of the contrasting 
sample. 
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It should be noticed that the proposed growth process is different from the reported 
Si-based heterostructures 
149
, where the pre-grown Si wires only serve as a physical 
template for the subsequent shell deposition, and the Si wires themselves are not 
chemically involved in the formation of the shells. Here the slow decomposition of the 
ErCl3 micro beads into the Er
3+
/Cl
-
 ions is very important for achieving the ECS 
structure, leading to a step by step formation of ECS at the surface of the pre-grown Si 
nanowires. Comparative growth experiments with the ErCl3 micro beads at a high 
temperature position or with very fine ErCl3 powder as the erbium source, can only 
obtain Er-doped Si nanowires but not the ECS compound, as  reported by Huang et al. 
131
 
There are reports of many semiconductor nanowires with multiple compositions 
150,151
. 
These nanowires are made of alloys of binary compounds. Similar to those wires, the 
basic growth mechanism is based on VLS processes. Unlike those nanowires, ECS 
nanowires and the erbium silicate core-shell structure of Ref. 111 are not semiconductor 
wires and there have been very few such wires reported. As mentioned above, the likely 
scenario of core-shell formation is the two-step process, but the details remain to be 
further studied.   
4.3 Photoluminescence of ECS  
Light emission properties are most important aspects of Er-containing materials. The full 
PL spectrum from visible to NIR range of ECS at room temperature is shown in Fig. 4.9. 
The PL intensity is normalized in four different wavelength ranges: 510 ~ 680 nm, 780 ~ 
880 nm, 950 ~1050 nm and 1440 ~1600 nm. No PL features are found in the wavelength 
gaps between these four ranges. The PL spectrum from 780 to 880 nm is obtained under 
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667 nm excitation. Er
3+
 ions are first pumped to 
4
F9/2 state and then relax back to lower 
states (see Fig. 1.1 in Chapter 1). The emission bands centered at 800 nm and 850 nm are 
originated from the 
4
I9/2  
4
I15/2 and 
4
S3/2  
4
I13/2 transitions, respectively.  The PL 
spectrum in all other wavelength ranges are obtained under the excitation of a 200 mW 
Ti:Sapphire laser at 800 nm. Er
3+
 ions are first pumped to 
4
I9/2 state. The downward 
transitions from 
4
I11/2 and 
4
I13/2 to the ground state 
4
I15/2 generate photon emission at the 
980 nm band and the 1530 nm band. The visible emission under 800 nm excitation is due 
to the excited state absorption. The excited Er
3+
 ions on 
4
I13/2 state can absorb another 800 
nm pump photon and promote to 
2
H11/2 state. The downward transition from 
2
H11/2, 
4
S3/2 
and 
4
F9/2 states to the ground state result in the emission bands centered at 520, 550 and 
650 nm.  
 
Fig. 4.9: PL spectrum of ECS across visible to NIR. 
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One of the most remarkable features in the PL spectrum of ECS is that the spectrum 
consists of atomic like sharp emission lines. In the Er-doped materials, each Er
3+
 ion has 
different surrounding atoms which cause different Stark splitting to each energy levels 
(the 
2S+1
LJ state). Therefore the emission lines from different Er
3+
 ions may shift a little 
bit. All these different emission lines contribute to the overall PL feature and make it 
continuous in each emission band. In ECS single crystal, each Er
3+ 
ion senses the same 
surrounding atoms and thus has the same Stark splitting. Therefore the final PL feature 
shows sharp atomic like lines. For this reason, the PL linewidth reflects the crystal 
quality. 
 
Fig. 4.10: Temperature dependent PL of ECS at 1.53 μm (a) PL spectra at different 
temperature; (b) PL linewidth of  ECS (black squares) compared to other Er containing 
materials (red dots) from references 98,99,104 and 107-112 (c) integrated PL intensity 
and (d) PL lifetime as a function of temperature. 
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Among all emission bands, the 1.5 μm transition from the first excited state to the 
ground state is of the most importance because this wavelength falls within the minimum 
loss band of fiber communications. Fig. 4.10 shows the temperature dependent PL 
properties at 1.53 μm. In Fig. 4.10(a) we can see that the PL emission lines are broadened 
with increasing temperature but still well separated at room temperature. Fig. 4.10(b) 
shows the linewidth (black squares) of the 1.53 μm main peak of ECS at different 
temperatures by fitting the spectra with a multi-Lorentz function. It is noticed that the 
linewidth at 77K is only 0.8 nm. To the best of our knowledge, this is the narrowest 
linewidth from erbium compounds. Such a narrow linewidth indicates high crystal quality 
of the material and large absorption and large emission cross sections, although within a 
narrower wavelength window. This is especially critical for getting a high optical gain 
75
. 
Well separated sharp emission lines have been observed in erbium doped materials with 
very low erbium concentration 
152
. However, the low Er concentration prevents these 
materials from achieving enough optical gain for actual application. With increase in Er 
doping concentration, the linewidth becomes broadened because different Er ions have 
more chance to feel different crystal fields in the hosting material. For example, the 
typical linewidth of erbium doped material with a concentration higher than 10
19
 cm
-3
 is 
more than 10 nm 
56
. Due to the crystal nature of ECS, ideally the Er-compound should 
have a very narrow linewidth at a very high erbium concentration. However, the poor 
crystal quality related to the existing erbium compounds, such as erbium silicate and 
erbium oxide 
98,99,104,107-112
, results in a much broader linewidth. The red dots in Fig. 
4.10(b) represent FWHM data of other Er compounds taken from the literature. The 
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much narrower linewidth of our ECS material indicates very high crystalline quality of 
the as-grown ECS NWs, consistent with the HRTEM results. 
Fig. 4.10(c) shows the integrated intensity of the 1.53 μm band as function of 
temperature. We see that the intensity drops to 70% from 10 K to room temperature. This 
demonstrates that the temperature quenching effect in the ECS material is very small. 
Such small temperature quenching is further demonstrated by the lifetime measurement 
of 1.53 μm emission at different temperature. As shown in Fig. 4.10(d), the lifetime 
almost stays constant from 8.5 K to 293 K, consistent with the temperature dependent 
integrated PL intensity result. Historically, temperature quenching effect used to be a 
significant problem in Er-doped Silicon due to the multiphonon assisted Auger process 
56
. 
The typical quenching factor can be as large as 1000. Co-doping oxygen with erbium into 
silicon 
21
 improves the temperature quenching and leads to a quenching factor as small as 
10. With increasing concentration of oxygen, such as Er-doped fiber glass and erbium 
doped silicon rich silicon oxide, the quenching factor is even smaller. Other erbium 
compounds such as erbium silicate also show small temperature quenching 
111, 153
. 
4.4 Conversion from Core-Shell to Solid Structures 
In the previous TEM study in section 4.1, it was found that these ECS nanowires existed 
in both Si/ECS core-shell form and solid ECS form. However, the growth conditions and 
mechanism are not clear for obtaining these two different nanostructures. Ideally solid 
ECS nanowires are better since they contain more Er
3+
 in a given volume and thus can 
provide more optical gain. On the other hand, Si core may enable Er
3+
 luminescence by 
electrical injection through the carrier mediated excitation which is preferred than optical 
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excitation 
72, 154-156
. In this section, the differences between these two structures are 
studied systematically. The growth temperature was found to be the main reason leading 
to the conversion from core-shell to solid form NWs. Solid nanowires without Si core 
show better crystal quality and longer lifetime. It is also found that the Si core can only 
excite a small portion of Er
3+
 and thus has less practical use. 
 
Fig. 4.11: PL comparison of ECS sample at different excitation wavelength: 532 nm 
(blue), 632.8 nm (red). The black curve shows the Raman of Si substrate at 632.8 nm 
excitation, with the zoom-in feature of Si Raman peak shows in the inset. 
 
Although TEM is a powerful tool to examine the structure of a nanowire, it becomes 
more difficult to see the core-shell structure when the diameter of a nanowire gets larger, 
unless the nanowire is carefully prepared so that its cross section can be seen. Here 
Raman spectroscopy was used to examine the existence of Si core. First a HeNe laser at 
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632.8 nm is employed for excitation. Fig. 4.11 shows the PL comparison of an ECS 
sample with Si core at different 532 nm and 632.8 nm. Under 632.8 nm excitation, the Si 
Raman peak is well separated from all other PL peaks which are well matched with the 
peaks also shown in 532 nm excitation. This Si Raman peak is confirmed by the 
comparison of Raman signals from a Si substrate under the same experiment condition of 
632.8 nm excitation as shown in black curve. The Si Raman peak is barely observable in 
this scale.  The zoom-in feature of Si Raman peak shown in the inset reveals the 
wavelength position is the same as the one from Si/ECS core shell sample. However, the 
signal to noise ratio is poor due to the low excitation power of HeNe laser (~ 10 mW).  
 
Fig. 4.12: (a) PL / Raman comparison of a Si wafer, the ECS nanowires with and without 
Si core; (b) zoom-in feature of the normalized spectra for three samples. 
To improve the signal to noise ratio, the HeNe laser was replaced by a more powerful 
laser at 532 nm. The 50 mW CW laser at 532 nm is focused to the sample through an 
objective. At this excitation wavelength, both the Er
3+
 luminescence and the Si Raman 
signal could be excited. Fig. 4.12(a) shows the PL/Raman spectra of the solid ECS NWs, 
Si/ECS core shell NWs and a Si wafer under the same experiment condition. Both ECS 
samples are grown on quartz substrate. A series of peaks from the solid ECS NW are 
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attributed to the PL signal of Er
3+
 (downward transition from 
4
S3/2 to 
4
I15/2). The same 
emission peaks are found on the Si/ECS samples but the intensities are much weaker. 
One the other hand, a strong peak appears at the center of the spectrum for Si/ECS core-
shell sample while the solid ECS nanowire sample shows a double peak structure which 
is also attributed to the PL feature of Er
3+
. Fig. 4.12(b) shows the zoom-in normalized 
spectral feature. It is found that the peak position of Si/ECS sample is close to the Si 
Raman signal. A further comparison of this peak to the Si Raman peak from a Si wafer 
sample shows four differences: stronger intensity, broader linewidth, asymmetric 
lineshape and slightly downshift. These four features match well with the reported 
Raman feature from Si nanowires 
157
. It demonstrates that Raman spectroscopy can 
distinguish ECS wires with and without Si-core and the changing size of Si-core based on 
the signal strength of Si Raman peak at ~520 cm
-1 
wavenumber shift. 
 
Fig. 4.13: (a) PL/Raman spectra of ECS samples grown at low temperature and high 
temperature. (b) zoom-in spectra comparison of ECS samples around transition 
temperature. 
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A set of samples were grown on quartz substrate in a three zone furnace using CVD 
method at different substrate temperature. The quartz substrate excludes the possibility of 
Si Raman signal from the substrate. Fig. 4.13(a) shows the PL/Raman spectra of samples 
grown at low temperature and high temperature, respectively. We notice that the samples 
grown at a temperature below 900 °C all show a strong Si Raman signal  which should 
come from the Si core. But the samples grown at a high temperature do not show Si core 
signal. Fig. 4.13(b) shows the zoom-in feature of three samples around the transition 
temperature, 887 °C, 917 °C and 957 °C. The sample grown at 912 °C shows both 
Raman signal from the Si core and the PL signal from Er
3+
. Moreover, the strength of Si 
core Raman signal is found to be weaker than the sample grown at 887 °C when a three-
Lorentz function fitting is applied. These results demonstrate that the Si core is shrinking 
and eventually disappears when the substrate temperature is increased above 912 °C. To 
further confirm this growth temperature induced core-shell to solid NW conversion, X-
ray diffraction (XRD) was carried out. Fig. 4.14(a) shows the XRD results of ECS 
samples grown at low and high temperatures, respectively. At low temperature, the XRD 
data shows both single crystal ECS peaks and Si peaks. At high temperature, the Si signal 
disappears and only the single crystal ECS signal was observed. Meanwhile, the XRD 
linewidth becomes much narrower when comparing with low temperature data. Fig. 
4.14(b) shows the XRD linewidth of the strongest peak (corresponding to {060} plane) 
narrowing with the increase of substrate temperature. This demonstrates that the crystal 
quality of ECS is improved substantially at a higher growth temperature, which is 
consistent with the typical erbium containing thin film growth condition, where high 
temperature post annealing above 1000 °C is required to improve the crystal quality 
109
.  
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Fig. 4.14: (a) XRD of ECS grown at low temperature and high temperature; (b) XRD 
linewidth of the {060} peak as a function of the substrate temperature. 
The Raman and XRD data clearly show that core-shell to solid nanowire conversion 
is closely related to the growth temperature. However, the underlying growth mechanism 
is still unclear. Here we propose two possible explanations. First, the deposition of Si 
nanowires relies on the supersaturation of Si in the Au droplet. At low temperature the Si 
nanowire can be grown and serve as the template to react with other species to form ECS 
on its surface. At high temperature, the super saturation of Si is small and thus Si core is 
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less likely to be formed. The Si vapor and other species may react directly in the Au 
droplet to form ECS. We also notice that the transition temperature at around 900 °C 
matches well the temperature at which SiO2 starts to decompose. The quartz substrate and 
the quartz substrate holder may decompose at such high temperature and provide silicon 
and oxygen species for the reaction. In this way, the ECS wires are grown directly 
without the assistance of pre-grown Si nanowires. The second explanation relies on the 
fact that the mobility of Si increases dramatically at high temperature. At low 
temperature, the ECS wires are formed by surface reaction of ErCl3, Si and O2 or SiO2. 
The Si source is mostly from the sublimation process. This process resulted in the core 
shell structure. At high temperature, the mobility of Si increases so significantly that it 
can precipitate out to react with other species directly and eventually forms ECS solid 
nanowires. Meanwhile, the Er diffusion in Si also increases so that it can fully react with 
the Si core. Thus at high temperature, a solid ECS structure is formed. Kamineni et al 
found that erbium silicate can be grown on a SOI wafer at high temperature while erbium 
oxide (no Si) is grown at low temperature 
158
. Their observation supports the claim that Si 
will penetrate the SiO2 layer at high temperature. It is also possible that the processes in 
both explanations take place and lead to the same result, that is, Si is fully incorporated 
into the ECS structure at high temperature and thus results in a better crystal quality. 
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Fig. 4.15: 1.53 μm PL lifetime (a) Decay curve at different temperature; (b) lifetime as a 
function of substrate temperature.        
To further investigate the improvement in crystal quality as indicated by the XRD 
measurement, the PL decay curve of the 1.53 μm emission from ECS samples grown at 
different temperature were measured. The result is shown in fig. 4.15(a). Their lifetimes 
were extracted by single exponential fitting of each curve, and then plotted as a function 
of growth temperature in Fig. 4.15(b). It clearly shows two different rates of increase in 
PL lifetime as the growth temperature increases. As can be easily estimated by a linear 
fitting, below 900 °C, the lifetime increases slowly from 100 μs to 170 μs at a rate of 0.23 
μs/°C. Above 900 °C, the lifetime increases much faster at a rate of 2.9 μs/°C. The 
lifetime reaches 540 μs for samples grown at a substrate temperature of 1053 °C (the 
highest temperature allowed in our setup). It is expected that the lifetime would increase 
with further increase of temperature. Since it is well known that the radiative lifetime of 
erbium ion in the insulating environment is around several milliseconds 
56
, the increasing 
of the PL lifetime indicates a reduced non-radiative process typically caused by those 
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defect centers in the crystal. Therefore we confirm that the crystal quality is much 
improved at higher growth temperature.  
 
Fig. 4.16: PLE of ECS NWs with (dots) and without (squares) Si core. 
Besides the improvement of crystal quality, the reduced Er-Si interaction also could 
be responsible for the longer lifetime in the absence of Si core. For example, the energy 
back transfer from the excited Er
3+
 to Si may open another nonradiative relaxation 
channel and causes decrease of the lifetime 
159
. To find out whether this is the case, we 
preformed photoluminescence excitation (PLE) on ECS samples with and without Si 
core. The PL emission at 1.53 μm is used to monitor the absorption in the wavelength 
range from 756 nm to 808 nm. In Fig. 4.16, we can see that the PL emission from ECS 
NWs without Si core shows strong wavelength dependence. The sharp peaks correspond 
to the well separated absorption lines of Er
3+
. It indicates that the Er
3+
 ions in solid ECS 
NW are excited through direct optical absorption by Er
3+
 itself, as expected. The ECS 
NWs with Si core show relatively weaker wavelength dependence. Due to the small 
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absorption cross section of Er
3+
 ion, a significant amount (>90%) of excitation light can 
penetrate the thin ECS shell and excite e-h pairs in the Si core. The absorption spectrum 
of Si core is almost flat within this spectra range. Thus the following carrier mediated 
energy transfer from Si to Er
3+
 ions resulted in a weaker wavelength dependent PLE. On 
the other hand, the high contrast of ~160 times PL intensity difference between resonant 
and non-resonant excitation wavelength indicates that only a small portion of Er
3+
 in the 
shell can be activated in this way, resulting a small contribution to1.53 μm emission. This 
is reasonable since the interaction distance allowed for energy transfer is only a few 
nanometers. This result indicates that most Er
3+
 ions in the Si/ECS core shell nanowires 
are still excited through direct optical excitation and do not interact with the Si core. The 
lifetime measurement result also should be dominated by the direct optical excitation and 
thus the possibility of Si core induced lifetime shortening is ruled out.  
In conclusion, the conversion from core-shell to solid ECS nanowire is related to the 
growth temperature. With increasing the growth temperature, the size of Si core reduces 
and eventually disappears. At high growth temperature, solid ECS NWs shows a better 
crystal quality and longer PL lifetime at 1.53 μm. PLE measurements reveal that most 
Er
3+
 ions are excited by direct optical excitation and only a small portion of Er
3+
 ions can 
be excited by the Si core. 
4.5 Conversion from ECS to ES 
To study the thermal stability of ECS nanowires, the samples of Si-ECS core-shell 
structure were annealed at various temperatures in atmosphere ambient. The result shows 
that the structure of the as-grown Si-ECS nanowires is very stable when they are 
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annealed at various high temperatures below ~950 
o
C. When the annealing temperature 
was increased above 1000 
o
C and for a long enough time, the Cl atoms in the nanowires 
become unstable and begin to escape from the wires. 
 
Fig. 4.17: ECS nanowires after annealing at 1090oC for 15 hours shows that structure 
becomes ES; (a) XRD and the EDS from a single NW (inset) (b) HRTEM and its FFT 
(inset). 
 
Fig. 4.17 (a) shows the XRD pattern of the sample annealed at 1090 
o
C for 15 hours. 
In addition to the typical Si peak for the cubic Si (at 28.4 degree) from the nanowire core, 
all the other peaks match well with the reported data of bulk erbium silicate (ES, or 
Er2O5Si, JCPDS card: No. 01-070-3279). The TEM-EDX from single annealed wires 
shows that no Cl element exists in the annealed sample (inset of Fig. 4.17(a)). These 
results indicate that the ECS shells of the as-grown wires were converted into ES after the 
annealing. The HRTEM image and its corresponding FFT (Fig. 4.17(b) and its inset) 
further demonstrate that the optical active shells of the annealed sample are single 
crystalline ES. The measured lattice spacing is 0.87 nm, matches well with the lattice 
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spacing of {100} planes in the monoclinic structure of ES. This interesting development 
also provides us with a unique opportunity to compare the relative merits of ECS to ES, 
since the latter one has been studied considerably in the literature. 
 
Fig. 4.18: PL intensity of 1.53 μm (circles) and 980nm (triangles) as a function of the 
pump power density for ECS (red filled symbols) and  ES (black open symbols). (a) 
pump at 800 nm (b) pump at 400nm. 
 
It is well known that up-conversion represents the main competing process which 
limits the PL efficiency of 1.53 μm band in many erbium containing materials with high 
Er concentrations.
87,88
  To investigate the up-conversion property of ECS NWs and to 
compare the optical properties of ECS and ES, pump power dependent PL measurements 
were performed at room temperature on both the as-grown Si-ECS NWs and and Si-ES 
NWs (after annealing). Fig. 4.18(a) shows the integrated PL intensity of the 1.53 μm 
(circles) and the 980nm (triangles) emission for ECS (red) and ES (black) as a function of 
the power density of 800nm excitation laser. For ECS, we observe that the 980 nm PL 
intensity increases linearly in the entire explored range while the 1530 nm PL increases 
linearly up to 300 W/cm
2
. As we know, the cooperative upconversion will lead to a 
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sublinear increase of 1530 nm emission above 1000 W /cm
2
 for materials of low Erbium 
concentration.
56
 With increasing Er concentration, this upper limit of linear increasing 
pump power density decreases dramatically, e.g., 2 mW /cm
2
 for 1.8 at. % Er-doped Si 
rich silicon oxide, about 5 orders of magnitude smaller than that of low Er concentration 
materials.
160
 In the case of ECS, the sublinear increase above 300 W /cm
2
 in ECS is due 
to excited state absorption rather than the commonly referred cooperative upconversion 
mechanism when pumped at 1480 nm or 980 nm. However, it is also known that ESA 
can lead to earlier sublinear increasing behavior due to the comparable excited state 
absorption cross section to the ground state absorption cross section at 800 nm. The fact 
that our ECS has an even higher Er concentration but exhibits much higher linear pump 
power density at 800 nm indicates that ECS might have a much suppressed upconversion. 
Therefore we expect that ECS can potentially be a much better high gain material.  
It is interesting to note that the 1.53 μm emission of ECS is about 10 times that of ES. 
The emission intensity of a given channel is determined by the product of population and 
lifetime of that band. Since ECS and ES have similar Er concentration, the relative 
intensity ratio is an indication of their lifetime ratio. Experimentally it is shown that the 
typical PL lifetime at 1.53 μm of the Si-ECS structure is around 100 ~ 150 μs. The 
measured PL lifetime of Si-ES core-shell nanowires is 15 μs, close to the reported 
lifetime of ES thin films synthesized by other methods. Therefore the lifetime ratio 
between ECS and ES is consistent with the intensity ratio.  
Besides the fact that ECS shows stronger PL at 1.5 μm, the emission intensity at 1.53 
μm is about 3 times that of 980 nm for ES, but 7 times for ECS. The relative intensity 
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ratio between these two bands is an indication of the branching ratio, which is an 
important quantity since stronger light emission for 1.53 μm band than 980 nm is highly 
desired for many Si-based applications. Due to the resonant nature of 800 nm excitation 
with 
4
I11/2 states, it is expected that the excitation light favors the 980 nm emission. To 
confirm this, we performed a similar measurement but excited by the second harmonic 
generation (SHG) of a Ti:Sapphire laser at 400nm, with results shown in Fig. 4.18(b). 
Under 400nm excitation, the 1.53 μm emission of ES sample is about 8 times stronger 
than 980nm, consistent with the results of Ref 109. For ECS material, the branching ratio 
is about 55, meaning that ECS has a much higher PL efficiency at 1.53 μm than ES. This 
branching ratio value is the highest that has ever been reported to our knowledge and is 
extremely desirable for many applications. To understand this, the crystal structures of 
ES and ECS were analyzed. The average and minimum Er-Er distance in the ECS crystal 
are 3.97 Å and 3.54 Å, respectively. Both are larger than the corresponding values in the 
ES crystal which are 3.66 Å and 3.20 Å, respectively. These numbers also reflect the 
difference of Er-densities in ES and ECS materials, which are 2.2 and 1.6, respectively, 
in a unit of 10
22
 cm
-3. The comparison of 1.53 μm emission in EC and ECS suggest an 
interesting trade-off between density and 1.53 μm emission. Higher Er-density is 
preferred for higher emission, but higher Er-density also means smaller Er-Er distance, 
which is commonly believed to lead to saturation or quenching of the 1.53 μm emission 
due to Er-Er interactions. Even though such Er-Er interaction is believed to be less 
important in crystalline materials than in randomly doped materials, our comparison 
suggests that the small difference in Er-Er separation can also lead to the reduction of 
1.53 μm emission.  
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4.6 Lifetime Density Product 
 
Fig. 4.19: Lifetime (top panel) and lifetime-density product (bottom panel) comparison of 
different Er materials. 
 
To compare various Er-materials, their lifetimes as a function of Er concentration were 
plotted in Fig. 4.19.
 42,95,109,117-120 
For high density Er compounds such as as Er2SiO5 
98 
and Er2O3 
95
, the lifetime is less than 20 s. Erbium disilicate, Er2Si2O7 
113  
has a slightly 
lower Er concentration, but a longer lifetime, around 360 s. As shown in the top panel 
of Fig. 4.19, ECS has the longest lifetime (540 s) among all Er materials with density 
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higher than 10
22
 cm
-3
. In chapter 5, it is shown that the lifetime of ECS can be further 
improved to 1 ms. Typically the lifetime is long for an Er material at a low doping 
density and decreases dramatically when the doping density increases. This is known as 
the concentration quenching effect.
 85, 86 
While erbium doped glasses with Er density 
limited to ~10
20
 cm
-3
 clearly show concentration quenching, recent studies on ErxY2-
xSiO5 
 117, 118
 and ErxYb2-xSiO5 
120
 in the Er density range 10
20
 ~ 10
22
 cm
-3
 also follow this 
trend.  
For light emission at 1.5 m, the intensity is proportional to the number density on 
the first excited state 
4
I13/2, N2, and the radiative lifetime τr: rNI /2 . Here if we 
assume a simple two-level model, the rate equation can be written as: 
                                              
   
  
          
  
  
                                                    (4.2) 
where         is the number density percentage at the first excited state, N is the Er 
density.   is the PL lifetime, σ is the absorption cross section and ϕ is the pump photo 
flux. The steady state solution is:  
                                                                                                                 (4.3) 
At low pumping power,       , therefore the intensity of the 1.5 m light emission 
can be approximated by           . Since τr and σ are mostly determined by the 
transition matrix elements of Er-states and relatively insensitive to environment, the 
lifetime density product (LDP) is a good measure of the emission strength of Er materials 
under the same pumping level ϕ, justifying it as an appropriate figure of merit. The LDPs 
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of different material are plotted in the bottom panel of Fig. 4.19. It is obvious that the Er-
doped materials of low density have longer PL lifetime, but the LDP is very small. While 
some of the Er-compounds show very short lifetime, the LDP shows a maximum at a 
density around 6 x 10
21
 cm
-3
. Interestingly, ECS shows the maximum LDP (green star) 
among all the published data.  
To further investigate the optical gain, a three-level model was analyzed. In this 
model, all nonlinear effects such as cooperative upconversion and excited state 
absorption are neglected. The rate equations can be written as: 
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where Ni and τi are the density and lifetime of state i, respectively. N is the total Er 
density. PR  is the pump rate, 12 and 21 are the absorption and stimulated emission 
cross sections, respectively. s is the signal photon flux. The optical gain is determined by
112221 NNg   . Since   1221 and 23   , the optical gain of a small signal can 
be simplified as: 
                                        )1/()1( 22   RRNg                                               (4.5) 
Here we assume =10-20 cm2 and plot the optical gain as a function of pumping photon 
flux for different Er materials in Fig. 4.20. It can be seen that, for 1.5 m light 
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amplification, a longer lifetime of 
4
I13/2 state (2) is preferred since the transparency 
threshold can be lower. But low Er density also leads to overall small optical gain. 
Although high density Er materials can achieve a much higher optical gain at very high 
flux levels, in reality such a high flux level is hardly available. Even if such high pump 
intensity can be achieved, the associated heating problem and strong upconversion also 
would compromise the optical gain. Thus LDP still would be a good approximate figure 
of merit to measure the capability of an Er material for 1.5 m light amplification. For a 
reasonable pump source, e.g., 200 mW 980 nm single mode fiber output, the pump 
photon flux is about 10
24
 cm
-2
 sec
-1
. At this pumping level, ECS shows a gain of around 
110 cm
-1
. This result indicates the great potential of ECS as a high gain material. 
 
Fig. 4.20: pump dependent optical gain of different erbium materials, where lifetime and 
density information is the same as in Fig.4.19. 
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Chapter 5  
ERBIUM CHLORIDE SILICATE: ABSORPTION AND OPTICAL GAIN 
5.1 Absorption Spectrum of ECS 
Absorption properties are of the most important properties of Er based materials. Such 
information is extremely useful in determining the pump sources and other optical 
properties such as the optical gain. The absorption coefficient α can be expressed as: 
                                                                                                                       (5.1) 
where N is the Er
3+
 density and σ(λ) is the absorption cross section. Typical values of the 
absorption cross section of Er
3+
 at 1.5 m are in the range of 10-21 ~10-20 cm-2 for Er-
doped materials. 
1
 Due to the crystal nature of ECS, its absorption spectrum should also 
consist of narrow lines as its emission spectrum (Fig. 4.9). Such narrow linewidth 
absorption is very different from the Er-doped materials which have been studied 
extensively. In the latter case, the absorption spectrum is broad and the pumping 
efficiency does not change too much if the wavelength of the pump source is changed for 
a few nanometers. For ECS, the absorption could change several times even if the pump 
wavelength is shifted for one nanometer. On the other hand, the small linewidth could 
lead to a high peak absorption cross section value compared to Er-doped material, e.g., 
larger than 10
-20
 cm
-2
. Accurate absorption information could also help us to identify if 
the signal enhancement has exceed the transparency threshold in the pump-probe 
experiment to determine the optical gain.    
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5.1.1 Traditional Absorption Measurement Method 
 
Fig. 5.1: Transmission measurement 
In a practical experiment, researchers usually measure transmission directly instead of 
absorption. In fig. 5.1, when a light beam is incident on a sample, it can be reflected, 
scattered, absorbed or transmitted. Therefore we have Eq. 5.2: 
                         Transmission = 1 – reflection – scattering – absorption                    (5.2) 
Notice that in this equation, re-emission process such as photoluminescence and other 
high order nonlinear optical processes are neglected given that the intensity of the 
incident beam is weak. By recording the spectra with sample in place or removed, the 
transmission can be measured directly. For a sample with flat surface, the reflection loss 
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often can be known by using samples of different thickness (length) but made in the same 
material. For a translucent material which has a very small scattering, e.g., glasses and 
fibers, the absorption can be directly linked to the transmission after the correction of 
reflection loss. However, when the scattering is comparable to the absorption, it can no 
longer be neglected. In the latter case, the transmission spectrum is also called extinction 
spectrum. In turbid media, the scattering loss is much larger than the absorption and 
reflection loss, thus the transmission measurement actually gives the scattering spectrum. 
For instance, the transmission measurement of a solution with Ag nanoparticles 
resembles its scattering spectrum. Its scattering maximum indicates the plasmonic 
resonance of the Ag nanoparticles.
161
  
 5.1.2 Challenges in the Absorption Measurement of ECS 
The biggest challenge in the absorption measurement of our ECS material is the large 
scattering. So far all of ECS materials are made in small structures, such as nanowires, 
nanosheets and microwires. The ensemble of these ECS materials has a very large 
scattering comparing with their absorption. Thus the absorption feature would be 
completed overwhelmed by the scattering feature. The relative small absorption of ECS 
is another challenge in the experiment. The absorption coefficient of ECS can be 
estimated roughly as 100 cm
-1
. For a 1 μm thick ECS film, only 1% of the total incident 
beam will be absorbed. Given that the experimental accuracy is usually around 0.2~0.5%, 
such a small amount of absorption is very difficult to be resolved clearly in the 
experiment. More than 10% absorption is needed to get a spectrum with good signal to 
noise ratio. This requires an ECS layer of more than 10 μm thick. Meanwhile, the sample 
99 
area has to be larger than the beam size (~ 1 cm
2
) to allow sufficient absorption. Overall 
it requires a sample made of lots ECS materials.    
5.1.3 Sample Preparation 
As described above, it is necessary to prepare an ECS sample with a large area and 
thicker than 10 μm. The following strategies were used to make the sample: First, more 
than 20 ECS samples were grown at the same growth condition. After PL and lifetime 
characterization of these samples, 14 samples of similar quality (lifetime around 400 ~ 
500 s) were collected. All these samples were grown on Si substrates. Since Si is 
opaque to the wavelength range below 1100 nm, the ECS wires needs to be transferred to 
another transparent substrate. Micro cover glasses (VWR, No. 1) were used as the 
receiver substrate. They were 150 m thick and cut into 15 x 15 mm squares.  
There are several methods for transferring the ECS wires from the as grown Si 
substrate to the glass substrate, such as contact printing 
162, 163
 and Langmuir-Blodgett 
method 
164-166
.  The contacting printing method can only make a very thin wires layer. 
This thin wires layer is close to mono layer and thus only absorbs small amount of light 
which is below the experimental detection level. The Langmuir-Blodgett method 
consumes a lot of materials while the obtained ECS layer is still not thick enough.  Here 
the sedimentation method from ECS suspension is used to transfer ECS wires. Fig. 5.2 
shows the process of this method. The glass substrate is preloaded into a beaker. ECS 
wires were scraped off the Si substrates of multiple samples and poured into the beaker. 
Hexane was added into the beaker and sonicated for 10 min. After sonication, hexane was 
evaporated by heating the beaker to 70 °C. Then the beaker was filled with ethanol 
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alcohol and sonicated for 3 min. The ECS wires were suspended in ethanol after 
sonication. The entire beaker was left overnight and all ECS wires were settled to the 
bottom of the beaker. After evaporation of the ethanol by heating, a uniform ECS 
sediment layer was left on the glass substrate. 
 
Fig. 5.2: Sample preparation of ECS nanowires thick layer for absorption measurement. 
In this process, the hexane changes the surface affinity of ECS wires and the glass 
substrate so that ECS can be settled onto it. Without the hexane treatment, most ECS 
wires would slip out of the top of the glass substrate and settle on the bottom of beaker 
where not covered by the glass during the ethanol drying process. However, the 
evaporation rate of hexane is too fast even without heating so that the ECS wires cannot 
settle down before it is dry. As a result, the ECS wires would not only be left on the wall 
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of the beaker but also subside non-uniformly onto the substrate. Therefore the following 
ethanol treatment is necessary.  
Using this method, two samples were prepared and then stacked together. After the 
entire process, a thick ECS wires layer sandwiched between two glass substrates was 
made. The measured thickness of the ECS wires layer was 54 m. 
 
 
Fig. 5.3: Experiment setup of absorption measurement using integrating sphere. 
 
5.1.4 Experiment Configuration 
The approach to the measurement of absorption spectrum is based on an integrating 
sphere setup as shown in Fig. 5.3. Integrating sphere is an instrument widely used in 
radiometry and photometry measurement. 
167
 The interior wall of integrating sphere is 
coated with materials of highly diffusive reflectance, such as barium sulfate and 
polytetrafluoroethylene (PTFE). After multiple times of diffusive reflectance, the light is 
distributed uniformly on the interior wall. The fraction of optical radiant flux detected on 
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a small port on its wall is equal to the fractional surface area of the entire sphere surface. 
Therefore the integrating sphere spatially integrates the radiant flux. As shown in the left 
panel (a), two bare glass substrates stacking together (without ECS wires) were loaded at 
the center of the integration sphere. A tungsten lamp (400 nm ~ 2000 nm) was partially 
collimated and focused into the integrating sphere. The incident beam hit the glass 
substrates at an angle so that the specular reflected light was still confined in the sphere. 
The light signal was collected by a multimode fiber and detected by two spectrometers in 
the visible and NIR ranges respectively. The detected signal, I0(λ), served as a calibration 
reference. To eliminate the second order grating effect in the recorded spectrum, four 
wavelength windows created by different filters were used. In the visible range, a KG1 
filter placed on the incident port was used for 440 ~ 700 nm and a 532 nm long pass filter 
was used for 540 ~ 850 nm. In NIR range, 532 nm long pass filter was again used for 750 
~ 1050 nm and a RG1000 filter was used for 1000 ~ 1600 nm. The spectra overlap 
among these four wavelength windows match quite well, thus validating the calibration. 
Next, shown in the right panel (b), the prepared ECS sample was loaded into the 
integrating sphere on the same position and in the same orientation. The detected signal 
with sample was denoted by Is(λ). Since both the reflected light and the scattered light 
were still collected in this case, the difference between the two detected signals was the 
amount of light being absorbed by ECS materials. Therefore we have:  
                                                            
           
     
                                            (5.3) 
Meanwhile, according to the Beer–Lambert’s law, the absorption part is: 
                                                                                                              (5.4) 
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From Eq. 5.1, 5.3 and 5.4, we can get the expression of the absorption cross section:  
                                                     
 
  
                                                         (5.5) 
In this expression, I0(λ) and Is(λ) are the physical quantities which can be measured. N is 
the density of Er in ECS which is also known. L is the effective absorption length. 
Although the thickness of ECS wires layer can be measured directly, it differs from the 
effective absorption length due to two reasons. First, there are voids left in the ECS wires 
layer. Second, the light may pass through the ECS layer multiple times due to scattering 
from the wires and the interior wall of integrating sphere. Therefore this method can only 
give the relative absorption cross section spectrum of ECS with arbitrary units. If the 
absolute absorption cross section at a certain wavelength can be determined 
independently, the entire absolute absorption cross section spectrum in the unit of cm
2
 
can be obtained through this calibration. In section 5.2.3, the transmission measurement 
on a single ECS wire was used to determine the absolute absorption cross section at 
certain wavelengths for calibration. 
5.1.5 Experiment Result and Discussion 
The measured absorption cross section spectrum of ECS in arbitrary units is shown in 
Fig. 5.4. The 7 absorption bands denoted in the figure originate from the ground state 
absorption and they match well with the energy levels of Er
3+
 ions. The relative strength 
of each absorption bands also roughly resembles other Er containing materials. 
168, 169
 
Similar to its emission spectrum, the absorption bands of ECS single crystal compound 
also consists of narrow absorption lines. Such absorption spectrum provides critical 
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information for pump wavelength selection, since the small wavelength deviation (e.g., 1 
nm) could induce several times of change in the absorption. This feature is significantly 
different from the Er-doped materials which are insensitive to the small change of 
pumping wavelength due to their broad absorption band. Careful selection of pump 
wavelength right at the absorption peak of ECS can help optimize the pumping efficiency 
and reduce the heating effect. 
 
Fig. 5.4: Absorption cross section spectrum of ECS. 
To confirm the absorption measurement result, the emission spectrum and absorption 
spectrum in 1.5 m band were plot together in Fig. 5.5. Clearly, the peak positions of 
both spectra roughly match well. Meanwhile the absorption cross section is larger than 
emission cross section at the shorter wavelength side. This can be explained by the 
thermal equilibrium process within each manifold. The excited ions tend to distribute to 
the lower states of the manifold and thus radiate at lower energy. McCumber assumes 
that the thermal equilibrium within each manifold can be reached much faster before it 
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decays significantly. 
170
 This is typically true for the low energy states of rare earth ions. 
Under this assumption, the absorption cross section and emission cross section can be 
related via Eq. 5.6: 
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                                                                (
    
  
)                                           (5.6) 
where  is the transition energy between the two lowest levels of 4I15/2  and 
4
I13/2 
manifolds. Using Eq. 5.6, the calculated absorption cross section from the emission cross 
section is plotted in the blue dash curve. It matches with the measured absorption cross 
section quite well. The result further validates the absorption measurement result. 
 
Fig. 5.5: Comparison of absorption and emission cross section in 1.5 μm range. Red solid 
line: measured absorption cross section; Black solid line: PL spectrum, equivalent as the 
emission cross section; Blue dash line: absorption cross section calculated from the 
emission cross section using McCumber theory. 
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5.2 Single ECS Wire Waveguide 
5.2.1 Traditional Planar Waveguide 
Optical amplification in the traditional amplifier takes place during the propagation of the 
optical wave. The optical waveguide is used to confine the propagation of the light wave. 
In EDFA, the erbium doped fiber serves as the waveguide. In EDWA, different planar 
waveguide structures are made based on thin film processing. The cross section 
dimension of EDWA is usually around several microns and thus enables the integration 
of compact devices. Four of the most commonly adopted planar waveguide structures are 
shown in Fig. 5.6. The first two waveguides are based on the total internal reflection 
phenomenon, where light is trapped in the core region of higher refractive index. In the 
channel waveguide structure (fig. 5.7(a)), the core region is completely embedded in the 
cladding layer. In the ridge waveguide structure (fig. 5.7(b)), the guiding layer consists of 
a dielectric slab on top. The slab is embedded between the low index material underneath 
and the air on top. An alternative ridge waveguide structure has a slab with low refractive 
index on top with the guiding layer sandwiched between the slab and the lower index 
substrate. Such ridge waveguide has a good vertical confinement but a poor lateral 
confinement.  The other two waveguide structures are made on the semiconductor 
platform which typical has a high refractive index larger than 3. In the photonic crystal 
waveguide (fig. 5.7(c)) and the slot waveguide (fig. 5.7(d)), light is confined in the region 
of lower refractive index such as air or SiO2.
172,173
 One attractive feature of these two 
types of waveguide is their capability of confining optical wave tightly down to a few 
tens of nanometers.
4
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Fig. 5.6: Four different waveguide structures: (a) channel waveguide (b) slot waveguide 
(c) photonics crystal waveguide (d) slot waveguide. Reproduced form Ref 4. 
 
5.2.2 Single Wire as a Waveguide 
Due to the nature of VLS growth, ECS materials are synthesized in nanowire form. 
Although some massive assembly techniques for nanowires such as contact printing and 
the Langmuir-Blodgett method have been developed, the fabrication of waveguide 
structures with ECS nanowires embedded as the gain material still remains challenging. 
Even if such structures can be made, the scattering loss due to misaligned nanowires 
could be significant. However, the single wire itself can be treated as a cylindrical 
waveguide directly. The single crystal nature and smooth surface of the nanowire lead to 
a small waveguide propagation loss. Researchers have observed lasing from different 
semiconductor wires 
174, 175
, demonstrating them as a low loss waveguides. Moreover, the 
optical coupling of nanowires also has been studied extensively. Theoretical calculations 
show that over 90% coupling can be achieved on a 425 nm nanowire via evanescent 
coupling. 
176
 The coupling efficiency can be further improved with wires of larger 
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diameter. Using micro-manipulation technique, the single wire can be transferred to any 
substrate. In this way, issues like lattice mismatch, refractive index contrast and growth 
temperature in the traditional waveguide fabrication can be easily solved. Thus it greatly 
facilitates the device fabrication.  
 
         Fig. 5.7: PL intensity of ECS samples grown with different amounts of ErCl3. 
One of the challenges in using single ECS wire as the optical amplifier is that the size 
of the ECS wire is too small. Previously the typical size of the ECS wire is smaller than 
100 nm in its diameter and shorter than 30 m in length. Such small diameter cannot 
support optical modes at 1.5 m. The short length also limits the total optical gain in 
terms of dB.  In order to grow bigger ECS wires, more material sources are used in 
growth while the high growth temperature is maintained. Fig. 5.7 shows the integrated PL 
intensity in the 1.5 m band as a function of the source mass of ErCl3 used in growth. It 
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is clear that the PL intensity increases dramatically with the source amount. The stronger 
PL intensity is attributed to both increased size of the ECS wire and the longer lifetime. 
Indeed long ECS wires over 100 m long and diameter around 1m has been grown 
when the source amount is around 140 mg. Fig. 5.8 shows the SEM image of such an as 
grown sample. The ECS wire in the middle is 106 m long.  
 
Fig. 5.8: SEM of as grown long ECS wires. The wire in the center of the image has a 
length of 106 μm and diameter of around 800 nm.   
Increasing source amount further above 140 mg leads to lateral growth and bulk 
formation. For example, micro rods and flakes can be grown. The larger ECS structures 
contribute to more Er materials under optical excitation thus result in stronger PL signal. 
Moreover, the large ECS structures have a smaller surface to volume ratio. The excited 
Er
3+
 ion is less likely to be de-excited by the hydroxyl group bound to the surface. For 
this reason the nonradiative decay is suppressed and the lifetime becomes longer. Fig. 5.9 
shows the SEM images of two ECS samples grown with large source mass. The ECS are 
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grown in big rod shape with diameter around 1.5 m in Fig. 5.9(a) and 2.5 m in Fig. 
5.9(b). Their PL lifetimes are shown in Fig. 5.9(c) and (d). The one with 1.5 μm diameter 
shows a lifetime of 802 s, which is a great improvement from the previous best lifetime. 
The PL lifetime of the other one (~2.5 m diameter) changes from 773 s to 1219 s and 
finally decays at 758 s. The complicated dynamics might be caused by some higher long 
lifetime states which relax slowly. Further study is needed to explain its origin. The 1/e 
lifetime of 1076 s stands the best lifetime of ECS material we got so far. 
 
Fig. 5.9: (a) & (b): SEM of two ECS micro rods samples grown at large source mass. 
(c)&(d): PL Lifetime measurement corresponding to (a) and (b). 
To make a practical device, the ECS wire should be laid on certain substrate. Ideally 
the ECS wire should be integrated onto the Si platform. However, the refractive index of 
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the Si substrate is much larger than the typical dielectric material, including ECS. The 
actual refractive index of ECS is difficult to measure. But it should be close to the value 
of similar silicate materials which is around 1.7 at 1.5 m.119 This value is higher than the 
refractive index of silica but the refractive index contrast is not large enough to obtain 
large mode confinement. To maximize the mode confinement and help heat dissipation, 
A Au thin film was deposited on Si substrate as the supporting layer. Fig. 5.10(a) 
illustrates the configuration. The ECS wire sits on top the Au layer directly without any 
insulating layer. The mode profile calculation at1.53 m was carried out using the RF 
module of Comsol and the result is shown in Fig. 5.10(b). In the simulation, the diameter 
of the ECS wire is 1 m. The dielectric constant of Au is taken from Johnson and 
Christy. 
177
 It was found that the confinement factor is 0.91. Meanwhile the propagation 
loss due to the metal loss can be neglected for this configuration. 
 
Fig. 5.10: Confinement factor of a single ECS wire (a) schematic of ECS single wire on 
Au coated Si substrate (b) TE mode profile at 1.5 μm. 
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5.2.3 Absorption Loss of a Single ECS Wire 
In section 5.1 the relative absorption cross section spectrum of ECS has been measured. 
With a single ECS wire as a waveguide, the standard transmission measurement for a thin 
film waveguide structure can be carried out on the single ECS wire to determine its 
absolute absorption cross section. The experiment configuration is illustrated in Fig. 5.11. 
A tunable laser from 1525 to 1575 nm is coupled into the ECS wire through a lensed 
fiber. The transmitted signal is coupled out by another lensed fiber. The reference signal 
is recorded in the absence of the ECS wire, and meanwhile with decreasing of the 
distance between two fiber tips to twice of the focal length of the lensed fiber. In order to 
bring the end of ECS wire to the focus point of the lensed fiber, the ECS wire is put to the 
corner of a Si substrate coated with Au thin film. In this way, the lensed fiber gains 
enough space to physically access the ECS wire ends. Fig. 5.11 (c) shows the optical 
image of such an ECS wire on the corner with two ends suspended in the air. The length 
of this wire is 74 m. 
 
Fig. 5.11: Transmission measurement on a single ECS nanowire (a) & (b): the 
transmission signal between two tapered fibers without and with the ECS wire. (c): A 
single ECS wire on the corner of the substrate with two ends suspended in the air. 
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Fig. 5.12: (a) Transmission spectrum of a single ECS wire. The red and black curves 
correspond to the configuration (a) and (b) in Fig. 5.11. (b) Modal absorption of a single 
ECS wire (red) comparing with the relative absorption spectra of ensemble ECS wires 
from integrating sphere measurement (green) and calculation (blue).  
  
The transmission measurement result is shown in Fig. 5.12 (a). The red curve 
represents the reference signal spectrum corresponding to the configuration in Fig. 
5.11(a). It is quite flat over the entire exploited wavelength range. The black curve 
represents the transmitted signal from the ECS wire. The ratio between these two signals 
is the total loss due to the ECS wire. It includes three parts: the coupling loss, waveguide 
propagation loss and modal absorption loss. While the first two kinds of loss do not show 
strong wavelength dependent in a small wavelength range, the modal absorption loss 
varies over the spectrum. Therefore the modal absorption loss can be deduced by 
assuming that the absorption loss at long wavelength (e.g. 1575 nm) is 0. This 
assumption is validated by the relative absorption cross section spectrum shown in Fig. 
5.4. Since the length of the wire is known (74 m), the modal absorption loss per unit 
length (red curve) is plotted in Fig. 5.12(b). The spectrum shape matches quite well with 
the relative absorption spectra of ensemble ECS wires from integrating sphere 
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measurements (green curve) and McCumber theory calculation (blue curve). The modal 
absorption loss at 1531 nm is 568 ± 28 dB/cm. The modal absorption loss can be 
expressed by Eq. 5.7: 
                                                                                                                            (5.7) 
where Γ is the confinement factor, σ is the absorption cross section and N is the Er 
density. Given that the confinement factor is 0.91 and N = 1.62 x 10
22
 cm
-3
, the 
absorption cross section at 1531 nm was found to be 0.89 x 10
-20
 cm
2
. This value is about 
twice lager than the Er-doped fiber which has a broad spectrum feature. 
56
 It also matches 
quite well with the value reported for a similar Er compound material 
119
, ErxY2-xSiO5, at 
0.9 x 10
-20
 cm
2
. The determination of the absorption cross section at 1531 nm serves as a 
calibration of the relative absorption cross section spectrum. Thus the entire absorption 
cross section spectrum in the absolute value is known.     
5.3 Light Amplification and Optical Gain 
5.3.1Measurement Methods of Optical Gain  
There are several gain measurement methods, including the pump-probe 
51
, variable 
stripe length (VSL) 
178
, Hakki-Paoli 
179
, and time-resolved methods 
180
. The first two 
methods are the most widely used for the gain measurement of Er containing materials. 
While the pump-probe method measures the relative signal enhancement, the VSL 
method relies on the amplified spontaneous emission. Consider a waveguide which is 
uniformly side-pumped. The optical signal beam is launched from one end of the 
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waveguide. The propagation of signal photon density and the amplified spontaneous 
emission photon density in the waveguide obey the following propagation equations:  
                                     
   
  
                                                        (5.8) 
                       
     
  
                                   
  
  
                (5.9) 
where Γ is the confinement factor of the waveguide, taking into account the possible 
extension of wave profiles outside of the gain medium. The first term in Eq. 5.8 is the 
stimulated emission due to the signal photon flux. The second term is the absorption of 
the signal photon flux from the ground state. The last term is the excited state absorption 
where     is the ESA cross section. Eq. 5.8 can be re-written in a more familiar way: 
                                                            
   
  
                                                          (5.10) 
where g is the optical gain at the signal wavelength (such as 1.53 μm): 
                                                                                                  (5.11)  
Here g has units of cm
-1
. It can be converted to the conventional unit dB/cm by 
multiplying by a factor of 4.34. Similarly, Eq. 5.9 also can be rewritten as: 
                                                      
     
  
                                                      (5.12) 
where g has the same expression as Eq. 5.11 and         . The solution of Eq.5.12 is: 
                                                        
 
 
                                                   (5.13)  
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In the pump-probe measurement, the relative signal enhancement can be obtained with 
respect to the condition without optical pumping. Generally this method is more 
straightforward since it directly measures the amplification of signal light. In contrast, the 
VSL method is less reliable for two reasons. First, it requires varying the pumping length. 
The excitation field must be very uniform. Although a uniform pump field can be 
obtained by using a cylindrical lens, it becomes very difficult when high pump density is 
required over a large area. In addition, VSL often suffers from gain saturation which 
makes the data fitting inaccurate. For these reasons, the pump-probe method is chosen to 
measure the optical gain of the ECS material in this work. 
5.3.2 Excited State Absorption and Pump Wavelength Selection 
In order to achieve optical gain, the Er ion has to be pumped to a higher-lying state to 
achieve population inversion. There are several criteria in the selection of pumping 
wavelength. First, it has to be resonantly absorbed by the Er ions giving them a large 
absorption coefficient at this wavelength. Second, the pump wavelength should be 
relatively close to the gain wavelength for purposes of energy efficiency. For these two 
reasons, the first three absorption bands centered at 1480 nm, 980 nm and 800 nm are 
examined. Shorter pumping wavelengths are energy inefficient since most of the energy 
is wasted and eventually transformed into heat. 
The pumping photon can also be resonantly absorbed by the Er ion in the excited 
state, further promoting it to an even higher-lying state, as long as the pump photon 
energy matches the energy difference between these two excited states. This process is 
called excited state absorption (ESA). The absorption rate is described by the term 
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       , where ϕ is the pump photon flux,  σESA is the ESA cross section and Ni is the 
population density of the excited state i. The ESA cross section strongly depends on the 
energy difference between two states. When a wavelength of 800 nm is used for 
pumping, Er ions can be resonantly pumped to the 
4
I9/2 state and populate the 
4
I13/2 state 
by multiphonon emission. However, Er ions in the 
4
I11/2 state can also absorb 800 nm 
photons and be further excited to the 
2
H11/2 state. The ESA process at 800 nm is almost as 
strong as the ground state absorption (GSA) process 1. For this reason ESA depletes the 
population of the first excited state and 800 nm is rarely used to pump Er materials. 
The 980 nm and 1480 nm wavelengths are the most commonly used ones for 
pumping Er materials. Their difference have been studied both theoretically 
181
 and 
experimentally 
182
. Generally the transparency threshold is lower when 1480 nm is used 
because of its larger absorption cross section and lower photon energy. However, 980 nm 
pumping can achieve higher maximum gain because both the stimulated emission and 
ESA are smaller at 980 nm.    
5.3.3 Signal Enhancement 
To perform the optical measurement, a single nanowire was picked up and transferred to 
a clean silicon substrate. The silicon substrate was covered with a 30 nm Au film to 
improve optical confinement and thermal conduction. Fig. 5.13 illustrates the pump-
probe setup for optical signal enhancement measurement. A 980 nm single-mode 
semiconductor laser is used as the pumping source. The probe signal is generated from an 
external cavity diode laser with a wavelength tunable in the range of 1525 - 1540 nm. 
The power of the probe signal is maintained below 10 nW to satisfy the small signal 
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condition. Both pump and signal inputs are combined by a wavelength division 
multiplexer (WDM) and then coupled into a home-made tapered fiber. The output signal 
is also coupled out by a tapered fiber. In order to match with the size of the ECS 
nanowire and increase the coupling efficiency, the tapered fiber tip was pulled to a size of 
2 µm by the heating and pulling approach and then put in direct contact with the 
nanowire, as shown in Fig. 5.13 (b)&(c). 
 
Fig. 5.13: Experiment setup of pump-probe measurement (a) Schematic diagram of the 
pump-probe measurement setup. (b) Configuration of the tapered fibers and the ECS 
nanowire. (c) Top view image of the tapered fibers and the ECS nanowire. 
 
Fig. 5.14 shows representative optical measurement results. The ECS wire is 109 μm 
in length and about 1 m in diameter. The output signal enhancement as a function of 
pumping power at 1531.6 nm is plotted in Fig. 5.14(a). As the pumping power increases, 
the output signal grows quickly at first and gradually saturates at 7 dB due to the 
population saturation of the 
4
I13/2 – 
4
I15/2 transition in Er ions, mainly due to the 
upconversion process. The maximum SE per unit length of this nanowire is 644 dB/cm, 
which is higher than most of the reported values for Er-containing materials. 
119, 183
 SE 
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measurements at different wavelengths were performed and the maximum SE as a 
function of wavelength is plotted in Fig. 5.14(b). The peak of the SE curve at 1531 nm is 
consistent with the main peak of the photoluminescence (PL) spectrum shown in the inset 
figure. It is interesting to see that SE drops to 0 at 1538 nm which also corresponds to the 
valley of the PL spectrum. The narrow bandwidth and emission line indicate that the 
single crystal ECS nanowire has very high crystal quality, which leads to a long lifetime 
and potentially high gain. 
 
Fig. 5.14: (a) SE vs. pump power. The inset shows the optical image of the nanowire. (b) 
SE spectrum and PL spectrum (inset). 
 
As a gain material, its internal net gain (g) is more important and defined as: 
                                                                                                           (5.14) 
αm is the modal absorption loss as already defined in Eq. 5.7. αp is the propagation loss. 
To achieve positive internal net gain, the SE has to first overcome the modal absorption 
loss. Recalling the modal absorption coefficient obtained in section 5.2.3, the SE is 72 ± 
120 
28 dB/cm, larger than the modal absorption loss. Under the assumption that the 
propagation loss is very small, the net internal gain of 72 dB/cm is much larger than the 
gain of all other Er-doped materials and Er compound materials.  
To further investigate the internal net gain, the probe signal at 1531 nm was increased 
to around 0.1 mW for the same ECS wire, while the pump laser was kept off. In this case, 
the 1531 nm signal laser serves as an excitation source and induces green emission at 
around 550 nm due to the upconversion process. Since the 1531 nm laser beam decays 
along the wire due to absorption, the green emission also decays along the wire because 
less power is available for excitation.  
 
Fig. 5.15: Green emission decay along the ECS wire. 
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The intensity of the 1531 nm excitation beam along the wire can be described as 
          
   . Here α is the total loss at 1531 nm in the waveguide. It includes both 
absorption loss and propagation loss. Assuming that the green emission intensity is 
related to the excitation intensity at 1531 nm via         
 , where m is the power factor, 
the spatial dependence of the green emission intensity can be directly related to the total 
loss at 1531 nm via:        
    . As shown in Fig. 5.15, the green emission decay 
curve is fitted well by a single exponential decay with a decay constant of 1674 dB/cm. 
The total loss α can be extracted once the m factor is known. Ideally green emission at 
550 nm can be achieved by absorption of three photons at1531 nm, therefore the m factor 
should be equal or less than 3. For example, the m factor for Er2O3 is 2.62. 
95
 Here the m 
factor of this ECS wire is measured directly. The experimental configuration is shown in 
Fig. 5.16 (a). The 1531 nm signal probe is put in close proximity with ECS wire body for 
local excitation. The green emission PL signal is recorded as a function of excitation 
power. The result is plotted on a log-log scale in Fig. 5.16(b). It can be seen that m factor 
decreases from 2.2 to 1.7 when the excitation power increases. This is reasonable since 
higher order upconversion processes could deplete the population of the 
4
S3/2 state at 
higher pumping power. Given m = 2.2, the total loss at 1531 nm is 760 dB/cm. Therefore 
the propagation loss should be around 192 dB/cm. In fact, there are some scattering 
centers on this wire, as can be seen from green emission image in Fig. 5.15. These 
scattering centers cause a large propagation loss. As a result, the total loss is 120 dB/cm 
higher than the SE, which means no net internal gain was achieved.  
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Fig. 5.16: Excitation power dependent green emission from an ECS wire. (a) Green 
emission in the middle of the wire due to local excitation. (b) Green emission intensity as 
a function of excitation power at 1531 nm. The power factor is extracted from the log-log 
plot. 
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Chapter 6  
CONTROL AND OPTIMIZATION OF ERBIUM DENSITY 
6.1 Introduction 
It is known that high Er concentration in doped materials leads to strong upconversion. 
Although the cooperative upconversion coefficient (CUC, C24) varies among different 
host materials
56
, the CUC is generally larger in doped materials with higher Er-
concentration. Hehlen et.al compared the CUC at different Er concentration and found 
that the CUC increases roughly as the square root of the Er concentration.
184
  According 
to the electric dipole-dipole interaction, the CUC scales as:     
     
    
, where  f1 and f2 
are the oscillator strength of the transitions 
4
I13/2  
4
I15/2 and 
4
I13/2 
4
I9/2, respectively. n 
is the refractive index, and d is the average distance between two Er
3+ 
ions. I is the 
spectral integral overlap of the two above transitions. From this expression, we can see 
that a higher refractive index and smaller spectra overlap integral can lead to a smaller 
CUC. ECS has a higher refractive index (~1.7) than most glass host materials, whose 
index is usually around 1.5. We also expect a smaller spectra overlap integral since the 
linewidth of ECS is very small due to the uniform crystal environment. Moreover, 
although not considered in the expression of C24, it is intuitively clear that the smaller 
phonon energy in the solid makes it more difficult to bridge the two transitions and 
makes CU less likely. In ECS, the Cl atom is much heavier than oxygen and its phonon 
energy should be smaller, which makes CU more difficult and the CUC smaller. In 
addition, introduction of the Cl atom increases the average Er-Er density compared to the 
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ES material without Cl. Thus the CUC for ECS is expected to be smaller than other high 
density Er compounds. 
However, the depopulation rate due to cooperative upconversion is not only 
determined by CUC but also directly proportional to   
 , where N2 is the population 
density at the first excited state. Even if the CUC of ECS is small, the high Er density 
could still lead to strong upconversion compared to Er-doped materials of low Er density. 
In fact, green emission has been observed from an ECS wire when a 0.1 mW 1531 nm 
laser beam passes through. Although the theoretical calculation predicts that the gain can 
be as large as 110 cm
-1
 (see section 4.6), experimentally the SE does not greatly exceed 
modal absorption loss as a result of limited population inversion due to the upconversion 
effect. Based on this consideration, lowering the Er density can effectively suppress the 
upconversion process. Although the maximum Er density would be lower, the population 
inversion could be higher, leading to larger practical optical gain. Furthermore, the longer 
lifetime at lower Er density could help decrease the required pumping power density, thus 
preventing the thermal problem, which is especially critical for high gain applications.  
For these reasons, it is still preferable to have a mechanism to control the Er density to 
minimize potentially damaging thermal effects. 
Replacement of Er
3+
 ions with similar rare earth atoms is an effective way to 
uniformly control Er density. Yttrium (Y) and Ytterbium (Yb) are the most often used 
rare earth elements for such replacement, since their atomic radii are very close to that of 
Er. Suh et al. fabricated ErxY2-xSiO5 nanocrystals and found the CUC of this material is 
only 2.2 x 10
-18
 cm
3
/s at an Er density of 1.2x10
21
 cm
-3
.
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 Wang et al. studied ErxYb2-
125 
xSiO5 thin films. 
120
 Although they did not report the exact CUC value, they found that 
Er0.1Yb1.9SiO5 gave the strongest PL emission among different Er concentrations, which 
is an indication of a smaller CUC.  
For ECS material, replacement of Er by Y or Yb results in new compounds: erbium 
yttrium chloride silicate (EYCS, (ErxY1-x)3(Si2O4)2Cl) and erbium ytterbium chloride 
silicate (EYbCS, (ErxYb1-x)3(Si2O4)2Cl). Here x is the atomic percentage of Er with 
respect to the total number of rare earth ions in the compound. Generally, x = 100% refers 
to ECS and x = 0% refers to YbCS (YbS) or YCS. Notice that the definition here is 
different than the atomic percent with respect to all elements in the product often used in 
literature. The key of this approach is to alloy ECS and YCS or YbCS rather than doping 
Y or Yb into the ECS crystal. The final product is a new single crystal EYCS or EYbCS 
material with controllable composition. Fortunately, the synthesis of both YCS and YbCS 
has already been achieved. 
Table 6.1 Comparison of the crystal structures of YCS, ECS and YbCS 
 Yttrium chloride 
silicate (YCS) 
Erbium chloride 
silicate (ECS) 
Ytterbium chloride 
silicate (YbCS) 
Chemical Formula Y3(SiO4)2Cl Er3(SiO4)2Cl Yb3(SiO4)2Cl 
PDF reference 00-032-1430 00-42-3065 00-25-1008 
Atomic radius of 
[RE] (pm) 
180 175 175 
Crystal ionic radius 
of RE
3+
 (pm) 
90 89 86.8 
Crystal constant 
(pm) 
a 685 682 673 
b 1772 1765 1756 
c 617 616 613 
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Table 6.1 summarizes the crystal constants of these three compounds. They all have 
orthorhombic crystal structures with similar lattice constants. On the other hand, the 
crystal ionic radius increases as the atomic number of the ion decreases, thus leading to 
larger crystal constants in YbCS. Actually the lattice size of YCS is closer to ECS than  
YbCS. Thus this structure should in principle be easier to achieve. However, the addition 
of Yb
3+
 ions could increase the absorption of the alloy compound at 980 nm due to the 
fact that the absorption cross section of Yb
3+
 is about 10 times larger than Er
3+
 ions. 
185
 
This property is the reason why Yb is a well-known co-dopant with Er for amplifier 
applications.  
Table 6.2 Comparison of source materials used in growth 
Source Molecular 
weight 
(g/mol) 
Melting 
Point (°C) 
Color Mesh Size Vendor 
Si 28.09 1410 Black 60 Aldrich 
ErCl3 273.62 774 Pink ~1 mm Alfa Aesar 
YbCl3 279.40 875 Light blue 10 Aldrich 
YCl3 195.26 721 White 10 Aldrich 
 
The growth of these two compounds can be readily achieved by adding YCl3 or 
YbCl3 sources into the reaction tube in the CVD furnace. This approach has been 
demonstrated in the CVD growth of alloy semiconductor nanowires such as ZnCdS and 
CdSSe. 
186, 187
 Table 6.2 lists the properties of the source materials used in the growth. 
Again it can be noticed that the melting point of ErCl3 is closer to YCl3 rather than 
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YbCl3. The different melting temperatures indicate the different sublimation or 
evaporation rate of different sources when they are heated to the same temperature. The 
melting temperature of YbCl3 is much higher than ErCl3, thus it sublimates or evaporates 
much more slowly, making the incorporation of Yb
3+
 into the ECS crystal more difficult. 
One possible approach to balance the sublimation or evaporation rate is to put different 
sources in different temperature zones. However, this approach does not work for the 
CVD systems used to grow EYCS or EYbCS due to the large temperature gradient. In 
general, the RECl3 sources (RE = Er, Y or Yb) cannot be put too far away from the 
substrate, otherwise the supersaturation is too small to allow nanowire deposition. In this 
work, the Er composition in the compound product is controlled by varying the amount 
of  ErCl3 and YCl3 or YbCl3 loaded in the same source boat, while keeping the other 
growth parameters the same as the ECS growth (substrate temperature around 1053°C). 
In the following sections of this chapter, the synthesis and characterization of both alloy 
compounds will be presented. 
6.2 Erbium Ytterbium Silicate 
Replacing part of the Er
3+
 ions with Yb
3+
 ions in the ECS single crystal not only dilute Er 
density, but also increases the absorption cross section of the synthesized compound at 
980 nm. Fig. 6.1 shows the energy diagram of Yb
3+
 and Er
3+
 ions. The Yb
3+
 ion is formed 
by removing two 6s electrons and one 4f electron. The remaining 13 4f electrons form an 
incomplete 4f shell but with only one hole. It results in a rather simple two-level system, 
with 
2
F7/2 for the ground state and 
2
F5/2 for the excited state. In crystals, these two states 
are further split into J+1/2 sub-energy levels. Interestingly the excited state energy of  the 
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2
F5/2 state in Yb
3+
 ions is roughly the same as the 
4
I13/2 state of Er
3+
 ion. At 980 nm 
pumping, the Yb
3+
 can be first excited to 
2
F5/2 state. Then the energy can be resonantly 
transferred from the 
2
F5/2 state of Yb
3+
 to the 
4
I11/2 state of Er
3+
 via ion-ion interaction. 
The absorption cross section of Yb at 980nm is about 10 times larger than Er. As long as 
the back transfer rate from Er
3+
to Yb
3+
 is smaller than the forward transfer rate from Yb
3+ 
to Er
3+
, the absorption at 980 nm can be enhanced significantly. For this reason, YbCl3 
was first used in the CVD growth together with the ErCl3 source.  
 
Fig. 6.1: Energy levels of Yb
3+
 and Er
3+
 ions. The energy can be transferred from Yb
3+
 to 
Er3
+
 via ion-ion interaction and thus enhance the absorption at 980 nm. 
A set of samples were grown using different amounts of ErCl3 and YbCl3 sources. Si 
wafers coated with 10 nm Au were used as the substrates. The atomic percentage of Er in 
the sources was varied from100% (ECS) to 0 (expected to be YbCS). Fig. 6.2 shows the 
SEM images of as-grown samples grown with different atomic percentage of Er in the 
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sources. When the atomic percentage of Er was high, dense nanowires and nanobelts 
were grown. With decreasing amounts of Er in the sources, the nanostructure deposition 
became sparser. For the sample grown from 25 at.% Er, there were only isolated 
nanowires and belts. The sample grown from 5.6 at.% Er showed even sparser 
nanostructures. 
 
Fig. 6.2: SEM images of as-grown samples grown with 83% (a), 25% (b) and 5.6% Er in 
the sources.   
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EDX experiments were carried out to analyze the elements in the synthesized 
product. As shown in Fig. 6.3, we found that Cl was missing in the sample grown with 
the mixture of ErCl3 and YbCl3 sources, although both Er and Yb were found. Therefore 
the synthesized product should be an Er-Yb-Si-O composite instead of EYbCS. The EDX 
results for the sample grown with a pure YbCl3 source showed that it did not contain Cl 
either. Under similar growth conditions to ECS, Yb-Si-O was obtained instead of YbCS. 
As a consequence, the mixture of ErCl3 and YbCl3 sources lead to the deposition of the 
Er-Yb-Si-O composite rather than EYbCS. 
 
Fig. 6.3: Comparison of the EDX spectra of ECS, Er-Yb-Si-O and Yb-Si-O composites. 
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Fig. 6.4: XRD of as-grown Er-Yb-Si-O composites for different at.% of Er in the source 
materials. 
 
Fig. 6.4 shows the XRD of samples grown with different amounts of Er. The XRD 
pattern of the 83 at.% Er sample already deviated from that of the ECS structure. With 
increasing the amounts of Er, the features of the XRD patterns first disappeared and then 
reemerged, gradually transforming to the XRD pattern of Yb-Si-O (0 at.% Er). Since the 
crystal structure of Yb-Si-O is completely different from that of ECS, the crystal structure 
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of the alloy compound became unpredictable. Bad crystal quality or even amorphous 
materials could have been made, leading to the disappearance of XRD features. 
 
Fig. 6.5: PL spectra of as-grown samples with YbCl3 sources. A different Er emission 
spectra feature shows up when adding more YbCl3 source. 
 
Due to the changing crystal structure when varying the amount of Er in the source, 
the stark splitting of Er
3+
 ions would change as well, resulting in different emission 
spectrum shapes. To confirm this, PL measurements under 800 nm excitation were 
carried out on different samples. As shown in Fig. 6.5, two different kinds of 1.5 m PL 
spectra were observed on the sample with 83 at.% Er. While the PL emission from most 
areas of the sample resembled the spectrum of ECS (black curve), some spots showed a 
different PL shape (red curve). With increasing amounts of Yb, the abnormal PL 
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emission becomes dominant over the entire sample. Meanwhile, the abnormal PL shape 
also varies among samples of different Er (or Yb) compositions, as can be seen from the 
differences between the red curves of the 83 at.% and 5.6 at.% Er samples. For the 
sample with 5.6 at.% Er, the strongest PL emission peak is at 1537 nm. Its linewidth is 
only 1.2 nm at room temperature. 
 
Fig. 6.6: PL comparison of two different Er-Yb-Si-O composites under 667 nm and 980 
nm excitation. 
 
Although EYbCS was not synthesized, it is still interesting to see if the absorption of 
the Er-Yb-Si-O composite at 980 nm is indeed enhanced due to the incorporation of 
Yb
3+
. Fig. 6.6 shows the PL comparison between ECS and Er-Yb-Si-O composite made 
from 50 at.% Er. This sample also has two kinds of emission spectra. The intensity of 
ECS like emission from this sample is about half that of ECS under 667 nm. Since the 
Yb
3+
 ion does not absorb at 667 nm, the PL intensity reflects the Er
3+
 ion density in the 
synthesized compound. The intensity ratio between this Er-Yb-Si-O sample and ECS is 
one half, which matches well with the atomic percentage of Er in the supplied source. 
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Under 980 nm excitation, the intensity becomes almost the same as ECS, although it has 
a lower Er density. This result strongly indicates enhancement from the Yb
3+
 absorption. 
The PL emission from the other phase of Er-Yb-Si-O composite shows a larger 
enhancement for 980 nm excitation comparing with 667 nm, indicating more Yb
3+
 
incorporation in this phase.    
 
Fig. 6.7: 1.5 m PL lifetime of Er-Yb-Si-O composites. 
Besides the enhancement of absorption at 980 nm, it is also expected that the 1.5 m 
PL lifetime can be extended by reducing Er density. The lifetime measurement result is 
shown in Fig. 6.7. Although a lifetime of 4 ms was obtained for the sample of 5.6 at.% 
Er, the lifetime does not seems to be improved for the other compositions. This might be 
caused by the bad crystal quality which frequently results when trying to alloy two 
different crystal structures. The increasing number of defects in the synthesized 
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composite shortens the lifetime and thus makes it almost constant even when the Er 
density is lowered significantly.  
In conclusion, Er-Yb-Si-O composites of different Er density rather than EYbCS 
were synthesized under similar growth conditions to ECS. A Yb-Si-O composite without 
Cl elements was obtained when replacing all ErCl3 sources with YbCl3 sources. Er-Yb-
Si-O composites show a different crystal structure which experiences more PL 
enhancement under 980 nm excitation. A 4 ms lifetime was observed on an Er-Yb-Si-O 
composite of 5.6 at.% Er in the sources while the other composition had a similar lifetime 
to ECS. 
6.3 Erbium Yttrium Chloride Silicate 
The Y
3+
 ion does not have a 4f electron shell like Er or Yb, thus it does not have 
comparable energy states. Replacing Er with Y in the ECS structure does not involve   
changing the absorption or emission cross sections, but only dilutes the Er density in the 
crystal. The size of the Y
3+
 ion is very close to that of the Er
3+
 ion, making the alloy 
between ECS and YCS easier to achieve. 
A set of EYCS samples were grown using different amounts of ErCl3 and YCl3 
sources. A Si wafer pre-sputtered with 10 nm of Au was used as the substrate. 
Preliminary experiments show that the deposition morphology with 200 mg YCl3 source 
is similar to that with 140 mg of ErCl3 source under the same growth conditions. In both 
cases, the deposition shows some nanobelt growth. To maintain nanowire as oppose to 
nanobelt growth morphology, the total mass of the ErCl3 and YCl3 sources was kept 
around 130 mg of effective ErCl3 sources by assuming that 200 mg YCl3 is equivalent to 
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140 mg of ErCl3. Based on this, the atomic percentage of Er in the source was varied 
from100% (ECS) to 0 (YCS). Fig. 6.8 shows the SEM images of as-grown samples 
grown with different atomic percentages of Er in the sources. All of them were covered 
with dense nanowires. The diameters of the nanowires range from tens of nanometers to 
over 1 m. The typical length is around 20 m, not optimized yet but with the possibility 
of getting longer. 
 
Fig. 6.8: SEM of as grown EYCS samples. Scale bar: 10 μm. 
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EDX spectra of EYCS at different compositions are shown in Fig. 6.9. All samples 
contain Er, Y, Si, O and Cl elements. While the intensities of the Si, O and Cl signal 
peaks remain constant over all samples, the Er signal decreases with decreasing atomic 
percentage of Er in the source materials during growth. The high resolution PL spectra at 
1.5 m were shown in Fig. 6.10. The PL profiles of different samples are the same as that 
of pure ECS, indicating that Er ions in different samples are in the same crystal structure. 
This is further confirmed by XRD measurements, which are shown in Fig. 6.11. All 
samples show the same XRD pattern despite the intensity of some peaks fluctuating 
among different samples. The XRD pattern matches well with the orthorhombic structure 
of ECS and YCS, as shown in table 6.1. The strongest peak corresponds to the diffraction 
pattern of the {060} plane. Overall, the EDX and PL spectra together with the XRD 
patterns demonstrate that EYCS alloys with controllable Er density were synthesized.  
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Fig. 6.9: EDX of EYCS samples. 
 
Fig. 6.10: High resolution PL spectra of EYCS samples with different at.% of Er. 
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Fig. 6.11: XRD of EYCS samples. 
Ideally the relative Er atomic percentage of the total rare earth ions (Er and Y) in the 
formed compound should be the same as the amount in the supplied source. This is true 
for the wet chemical method, given that all rare earth elements from the source are 
incorporated into the final product. However, this is not necessary true for CVD growth. 
ErCl3 and YCl3 have different sublimation speeds at the same temperature. The Er and Y 
atoms may incorporate into the compound or be pumped out of the reaction tube. To find 
the Er concentrations in different EYCS samples, both XRD and SEM-EDX 
measurements are used. In Fig. 6.11 it is clearly shown that EYCS samples synthesized 
from different amount of ErCl3 and YCl3 show similar XRD features. However, the small 
difference between the sizes of Er
3+
 and Y
3+
 could result in a small change of the lattice 
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constant. Fig. 6.12(a) shows the normalized high resolution XRD measurements around 
30 degrees in θ-2θ scans. While the higher peaks correspond to {060} plane, the side 
peaks are attributed to {230} plane. Clearly, the peak position shifts to larger angles 
when the atomic percentage of Er in the supplied sources increases. This is consistent 
with the decreasing {060} interplanar distance since Er
3+
 has a smaller crystal ionic 
radius (refer to Table. 6.1).   According to Bragg diffraction theory, the lattice spacing 
can be determined via Eq. 6.1: 
                                                                                                                         (6.1) 
where               is the wavelength of CuKα radiation. The atomic percentage of 
Er in EYCS, x, can be further obtained by linear interpolation of the {060} lattice spacing 
of ECS and YCS, as shown in Eq. 6.2: 
                                                                                                           (6.2) 
 
Fig. 6.12: (a) High resolution XRD spectra of EYCS samples around the {060} 
diffraction peak. (b) The calculated Er concentration from XRD (black squre) and 
measured Er concentration from EDX (red dots) as a function of atomic percentage of Er 
in the supplied sources. 
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Based on the HR XRD result in Fig. 6.12(a), the atomic percentage of Er in EYCS 
compound is calculated as a function of atomic percentage of Er in the supplied source 
during growth. The result is shown in Fig. 6.12(b). The Er atomic percentage measured 
from SEM-EDX is also plotted in this figure. The blue line illustrates the Er percentage 
of the supplied source. The Er atomic percentages measured by both methods roughly 
follow the same trend as the atomic percentage of Er in the supplied source. However, 
when the Er at.% in the supplied source is smaller than 20%, the XRD results deviate 
from the blue line by approximately a factor of two. This is due to the repeatability of the 
XRD measurement, around 0.01 degree for the employed instrument. Although the 
resolution of HR XRD measurements can be much better than 0.01 degrees, the 
uncertainty of the absolute peak angle is limited by this repeatability. The 0.01 degrees 
uncertainty in the angle does not affect the calculated atomic percentage much at high 
concentrations but causes significant deviation at low concentrations. On the other hand, 
the measured atomic percent by SEM-EDX is also much higher than the amount in the 
supplied source at low concentration (smaller than 10 at.%).This is reasonable since both 
rare earth chloride sources are heated to the same temperature in the reaction tube. The 
erbium source has a larger supersaturation and thus tends to nucleate on the substrate 
more than the yttrium source. Therefore the relative amount of Er ions that is 
incorporated into the EYCS alloy from its source is larger for yttrium source, leading to a 
larger Er atomic percentage than the source composition. Overall, the actual Er 
concentration matches well with the source ratio at high Er concentration but is 
significantly higher when the concentration is less than 10 at.%.  
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Fig. 6.13: (a) 1.5 m PL lifetime of EYCS for different Er concentrations. (b) 
Comparison of integrated PL intensity at 1.5 m and the lifetime density product at 
different Er concentrations. 
 
The PL lifetimes of the 1.53 μm emission of EYCS samples are measured in the same 
way as for ECS. Since the Er concentration has already been determined for different 
EYCS samples, the lifetime is plotted as a function of Er concentration for EYCS. As 
shown in Fig. 6.13(a), the lifetime increases from 410 μs for ECS to 3.7 ms for EYCS of 
7 at.% concentration, which corresponds to an Er density of 1.1 x 10
21
 cm
-3
. Further 
decreasing the Er concentration might make the lifetime even longer. However, the Er 
density is already in the same range as that achievable by traditional Er-doped materials. 
EYCS of such low Er density will not show high gain anymore. In order to find the best 
Er concentration, PL at the 1.5 μm band was measured for different as-grown EYCS 
samples under 665 nm excitation. Due to the morphology of nanowires, the measured PL 
intensity varies from spot to spot on the as-grown sample. Statistical analyses of multiple 
PL measurements on each sample were carried out. The average integrated PL intensity 
of each sample together with its error bar is shown in Fig. 6.13(b). The PL intensity 
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reaches a maximum at 30 at.%. In Chapter 4, it is shown that the lifetime density product 
(LDP) of Er is a measure of the PL intensity for different Er materials (see chapter 4). 
The trade-off between lifetime and density results in an optimum Er density where the 
LDP is maximized. To compare the LDP and the integrated PL intensity, they were 
plotted in the same figure. The LDP matches well with the integrated PL intensity at low 
Er concentrations up to 30 at.% but deviates at higher Er concentrations. This means that 
the LDP overestimates the PL intensity at high concentrations. This is because of the 
stronger upconversion effect at high Er concentrations, which leads to weaker PL 
intensity in the 1.5 μm band, as well as a smaller optical gain. 
In summary, EYCS nanowires with Er concentrations from 100 at.% to 7 at.% were 
synthesized. The PL lifetime increases with decreasing Er concentration. The longest 
lifetime is 3.7 ms for an Er concentration of 7 at.%. EYCS of 30 at.% Er shows the 
strongest PL emission in the 1.5 μm band, while the high Er concentration samples shows 
significant upconversion. 
6.4 Conclusion 
In conclusion, Yb and Y were used as replacement ions to dilute the Er density in the 
ECS crystal. Yb-Si-O composite rather than YbCS was obtained under growth conditions 
similar to ECS. Therefore EYbCS was not synthesized. The Er-Yb-Si-O composite had a 
bad morphology but showed some enhancement under excitation at 980 nm. Further 
increasing the growth temperature might help to achieve the high quality EYbCS 
compound. On the other hand, the EYCS compound was synthesized successfully. 30 
at.% EYCS shows the strongest 1.5 μm PL intensity and no obvious upconversion. 
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Further optimization of the growth at this concentration might make long EYCS wires for 
optical amplifiers.  
 
  
145 
Chapter 7 
CONCLUSIONS AND OUTLOOK 
This dissertation has focused on a comprehensive study of a new set of Er-compound 
materials. The study includes a systematic parametric dependent growth study, structural 
and optical characterizations, and efforts to understand various optical processes in these 
materials. The optical study includes PL, micro and time-resolved PL, Raman, PLE, 
absorption, and gain measurements. Growth methods have been established for high 
density Er compound materials. The structural and optical properties of the Er compound 
wires have been carefully studied. Overall, this dissertation has demonstrated the value of 
Er compound materials as high gain optical materials in amplifier and laser applications. 
7.1 Conclusions 
Single crystal erbium chloride silicate (ECS, Er3(SiO4)2Cl) nanowires have been 
established as a new Er compound material for high gain in the telecom wavelength 
range. This material features high Er density (1.6 x 10
22
 cm
-3
) and long lifetime (up to 1 
ms). The lifetime density product of ECS was found to be the largest among all the 
different Er materials, indicating its great potential for 1.5 m light sources and 
amplifiers. 
Two interesting structural conversions were found for ECS. At low growth 
temperatures, the deposition favors nanowire growth in Si-ECS core shell structure. At 
high growth temperatures, Si-ECS core shell structures were converted into solid ECS 
wires without Si core. The Si-ECS core-shell structure is interesting because of its 
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potential capability for excitation via electrical injection. However, PLE measurements 
show that the energy transfer from the Si core to ECS shell is not very efficient in this 
structure. Solid ECS wires show better crystal quality and longer lifetime and thus are 
better for optical applications. The other conversion is related to high temperature 
annealing. ECS was converted to erbium silicate (ES) when the annealing temperature 
exceeds 1000 °C. ECS shows longer lifetime and higher PL intensity compared to ES. 
The absolute absorption cross section spectrum of ECS from the visible to NIR range 
has been determined by the integrating sphere method, which is calibrated via a 
transmission measurement on a single ECS wire. The peak absorption cross section of 
ECS at 1531 nm is 0.89 x 10
-20
 cm
2
, much larger than Er-doped materials due to the high 
crystal quality and narrow line width. Signal enhancement up to 644 dB/cm was observed 
on a single ECS wire in the pump-probe experiment. This signal enhancement likely 
overcomes the modal absorption loss, but fails to achieve net internal optical gain due to 
the large waveguide propagation loss. 
In order to achieve higher optical gain, the upconversion effect has to be suppressed. 
Y and Yb are introduced as replacement ions in the ECS structure. While erbium 
ytterbium chloride silicate was not obtained due to the insufficient temperature, erbium 
yttrium chloride silicate was synthesized successfully with controllable Er density. 
Er0.9Y2.7(SiO4)2Cl shows the strongest PL emission in the 1.5 m band.  
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7.2 Future Work 
Although ECS shows extraordinary properties compared to other existing Er compound 
materials, net internal optical gain on ECS has not been convincingly demonstrated yet.  
Several approaches are recommended for future research towards devices of high optical 
gain. 
A. Further improvement of material quality: 
1) Growth at higher temperature: The growth conditions for ECS need to be further 
improved. It has been shown that the lifetime of ECS is longer at higher growth 
temperatures. However, the maximum temperature in this work was limited to ~1050 °C 
due to the rating and temperature gradient of the furnace. Furnaces with higher operating 
temperatures can be used to further improve crystal quality.  
2) Surface passivation: In section 5.2.2, it is shown that the ECS structures with larger 
diameter have a longer lifetime. This is an indication that most of the quenching centers 
are on the surface of the wire, since the excited Er ions are more likely to decay 
radiatively instead of being quenched by the centers on the surface when the diameter of 
the wire is larger. Therefore surface passivation can be used to reduce the quenching 
centers on the surface of the wire and thus improve the lifetime.  
3) Growth of large wire structures: ECS needs to be made into structures with longer 
lengths, larger cross sections and smooth surfaces. Although large ECS rods show 
lifetime as long as 1 ms, they are too short to serve as practical amplifiers. Improvement 
on its length and size could benefit both the waveguide structure and lifetime. This is also 
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true for the EYCS wires. Although EYCS with controllable Er density has been achieved, 
their lengths are only around 20 m so far. Much longer lengths (e.g., 300 m) are 
needed in order to achieve enough optical gain in terms of dB.    
B. The upconversion process in ECS and EYCS materials needs to be studied in 
detail. More specifically, the cooperative upconversion coefficient (CUC) needs to be 
extracted. Excitation power dependent PL lifetime measurements have been 
demonstrated as an effective method to measure CUC.
117
 However, preliminary 
experiments on ECS as-grown samples showed abnormal PL quenching at high 
excitation power, probably due to the heating problem. This effect adds more uncertainty 
into the rate equation analysis and thus makes the extraction of CUC unreliable. Once the 
heating problem is solved, e.g., by proper cooling of the substrate and more contact 
surface for heat dissipation, the CUC can be determined using the same method 
mentioned above.    
C. Practical device designs have to be developed. For an integrated optical amplifier, 
the internal net gain of the gain material (EYCS) has to overcome the coupling loss at 
both ends of the waveguide. Proper coupler design is critical for the final performance of 
the amplifier.  
D. Other physical properties of EYCS compounds are also interesting besides their 
optical gain. It is known that the magnetic dipole transition is comparable to the electric 
dipole transition in Er ions. ECS, or more generally EYCS, provides a perfect platform to 
study the related physics due to its high Er density and simultaneously narrow linewidth. 
One interesting topic is the selective enhancement of the electric dipole transition or 
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magnetic transition in ECS nanowires. Metallic nano-bowtie structures are capable of 
creating a hot spot to enhance the electric dipole transition.
188
 When the ECS nanowire is 
carefully positioned in the gap of the bowtie designed with the right localized surface 
plasmon frequency, its electric dipole transition can be enhanced. Similarly, diabolo 
shaped bowtie 
189
 structures were found to be able to boost the magnetic field. When such 
diablo structures are designed with the right resonance wavelength, the magnetic 
transition can be enhanced correspondingly.     
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